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Structural elements comprised of high strength concrete (HSCs) have gained popularity 
due to their high compressive strength, increased tensile strength, and low permeability that can 
be achieved with smaller placements relative to what would be needed with traditional ready mixed 
concretes. HSCs are also gaining interest for mass placements that are very large. Determining in-
place properties of any of these structures is critical to the overall success of a project and elusive 
to determine prior to placement.  
In this dissertation, a laboratory based thermo-mechanical framework is outlined to predict 
in-place properties of modest to mass sized HSC structures using mostly existing and common 
laboratory testing methods with a few additional items on the same scale as existing equipment. 
Various curing protocols were evaluated in this study to determine a recommended set of protocols 
to reproduce thermal profiles of modest and mass sized structures on laboratory scale specimens. 
These specimens can then be tested following standard testing protocols to reasonably estimate in-
place mechanical properties. This framework is envisioned to be a foundational piece of a standard 
test method in the future. Approximately 600 concrete specimens were tested for compressive 
strength, 300 specimens for elastic modulus, 100 for splitting tensile strength as well as 100 cement 
 
 
paste specimens for compressive strength. Additionally, approximately 400 time-temperature 
curves were recorded for both cement paste and HSC specimens.   
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η  constant found from experimental data 
μ(t)  UHPC maturity relationship 
νair  viscosity of air 
ρ  density 
σ  Stefan-Boltzmann constant 







1.1 Introduction  
High strength concrete (HSC) usage has become more common as the demand for 
structures with in-place properties in excess of what traditional ready mixed concrete can provide 
continues to increase. These concretes often have a high cementitious materials content in the form 
of cement and supplementary cementitious materials (SCMs), minimal coarse aggregate, low 
water to cementitious materials (w/cm) ratios, discontinuous fiber reinforcement, and high dosage 
rates of high range water reducing admixtures (HRWRA).  
Although the minimum strength to be considered a high strength concrete is 55 MPa (8,000 
psi), different classes of HSC, such as very high strength concrete (VHSC) and ultra-high 
performance concrete (UHPC), require greater compressive strengths (ACI 239, 2018). High 
strength concretes are commonly used in specialty applications where high strengths and durability 
are needed such as bridge rehabilitation (Zaghi et al., 2016; Haber et al., 2017; Graybeal et al., 
2020), architectural works (NCPA, 2013), protective structures (Thornhill and Reinhart, 2010; 
Neeley and Walley, 1995; Cargile et al., 2002; Máca et al., 2013; Brown et al., 2020), and mass 
concrete placements (Sbia et al., 2017; Kodur et al., 2016). Some state department of 
transportations have begun investigating cost effective UHPC mixtures that reduce overall costs 
but still yield high strengths (Berry et al, 2017; Joe et al., 2017; El-Tawil et al., 2018; Kim, 2018).  
 
2 
 Due to the increased cementitious volume and low w/cm ratio, HSCs react differently to 
high temperature exposure compared to traditional concrete mixtures (Ahmad et al., 2015; 
Alsalman et al., 2017; Graybeal, 2006; Howard et al., 2018; Howard et al., n.d.; Wan et al., 2016). 
This deviation in behavior from traditional concretes can lead to difficulties in predicting in-place 
properties. Currently, there are several methods for predicting time-temperature profiles and in-
place mechanical properties of traditional mass structures. These methods are described in the 
following chapter. However, the applicability of these methods for HSC mixtures with low w/cm 
ratios and permeability as well as high cementitious material contents is unknown.  
 This dissertation focuses on developing a test method to replicate time-temperature 
histories of modest to mass placements of high strength concrete on laboratory scale specimens 
(Figure 1.1). In other words, make only modest changes to practices in use on a widespread basis 
that allow measurements to capture the thermo-mechanical signature of HSC as in an actual 
modest to mass size placement. A method that can, within reason, predict in-place properties of 
mass HSC placements in a manner that can be relatively easily would be beneficial in several 
ways. Basing a standard around common laboratory testing would eliminate the need for expensive 
equipment and specialized training of laboratory technicians. Additionally, if a material change 
needed to be made quickly, using this test method could help evaluate potential changes of in-
place properties prior to placement. This method could also help optimize formwork removal times 
or formwork insulation. This could be especially useful if testing is needed in rural or hostile areas 
where access to specialized equipment is not readily available, mixtures may need to be quickly 




Figure 1.1 Proposed laboratory testing protocol to replicate time-temperature profiles of 
modest and mass sized placements on laboratory scale specimens 
 
1.2 Objectives and Scope 
This dissertation focuses on characterizing ultra-high performance concrete (UHPC) and 
very high strength concrete (VHSC) mixtures in terms of thermal and mechanical properties. The 
primary objective of this dissertation is to create laboratory testing protocols to recreate thermo-
mechanical signatures for medium to mass sized placements of high strength concrete mixtures 
with a high cementitious material content and a low w/cm ratio where the geometry is known. 
CAST
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Rather than basing a method on calorimetry and governing heat transfer equations like most 
models currently available, this dissertation aims to use conventional laboratory concrete tests (e.g. 
ASTM C39, ASTM C469) as an integral part of the testing method. Ideally, any laboratory 
personnel in a reasonably equipped construction materials laboratory could complete these testing 
protocols by making 10.2 by 20.3 cm (4 inch by 8 inch) HSC specimens, curing them following a 
prescribed set of forced and non-forced boundary conditions that are detailed in subsequent 
chapters, and testing them following standard, conventional laboratory concrete tests.  
This dissertation is based on what is ultimately expected to be five peer reviewed articles 
that are the foundation of a standard test method to predict thermo-mechanical signatures of mass 
HSC placements. To reach this goal, five objectives were outlined as shown in Figure 1.2 each of 
which generally formed the basis of an article. Objective 1 (outlined in blue) is related to 
understanding and replicating boundary conditions and thermal profiles of mass structures. 
Objective 2 (outlined in green) is related to understanding the effects of changing only the 
supplementary cementitious material source effect thermo-mechanical. Objective 3 (outlined in 
yellow) used variable temperature profiles to determine the implications of time-temperature 
profiles on mechanical properties. Using information gathered from the first three objectives, 
Objective 4 (outlined in orange) used insulated blocks and variable temperature curing to 
determine if time-temperature histories of modest sized UHPC placements could be reproduced. 
Objective 5 (outlined in grey) expanded upon the findings of Objective 4 to identify test methods 




Figure 1.2 Dissertation flow chart 
 
1.3 Organization of Dissertation 
This dissertation is organized into ten chapters. The first three chapters are the introduction, 
literature review, and experimental program. Chapter 4 provides an in-depth discussion of curing 
protocols used in this dissertation. The following five chapters each generally contain findings of 
Objective 3: Timing of 
Curing on Mechanical 
Properties
Dissertation Chapters: 
2, 3, 4, 7
Summary: Twelve 
variable temperature 
profiles were used to 
determine the effects of 




Objective 1: Replicate 
Boundary Conditions of 
Mass Placements
Dissertation Chapters: 
2, 3, 4, 5
Summary: Numerical 
methods using heat 
transfer governing 
equations and heat 
generation models were 
studied. Heat transfer 
coefficients were modeled 
as a function of time.  





2, 3, 4, 6
Summary: Four silica 
fumes with varying 
SiO2 contents were 
studied to determine 
the effects of material 
constituents on 
mechanical properties.
Objective 5: Estimate In-Place Properties of Mass VHSC Placements
Dissertation Chapters: 2, 3, 4, 9
Summary: Using temperature data from a mass placement as a reference, several 
laboratory curing regimes were used to replicate thermal profiles on specimens that 
could then be tested to obtain mechanical properties (e.g. fc and E) to estimate in-place 
properties of a mass placement.
Objective 4: Replicate Thermal Profiles of Modest Sized UHPC Placements
Dissertation Chapters: 2, 3, 4, 8
Summary: Temperature data from modest sized placements, ranging in size from 1:20 
scale to 1:3 scale of mass concrete placements, were used to determine the feasibility of 
using variable temperature curing and insulated blocks to replicate thermal profiles. 
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Objectives 1 through 5. Chapter 10 is the conclusions and path forward for the work described in 
this dissertation.  
As of March 2021, Chapter 5 has been published in ACI Materials Journal (Carey et al., 
2020b), Chapters 6 and 7 are currently in peer review, Chapter 8 is in OPSEC review, and Chapter 







2.1 Overview of Literature Review 
This chapter reviews relevant literature. For organizational purposes this chapter has been 
divided into the following sections: 2.2 – Mass Concrete, 2.3 – Thermodynamic Modeling of Mass 
Placements, 2.4 – Effects of Silica Fume on Mechanical and Thermal Properties, and 2.5 – Current 
Methods for Estimating Thermal and Mechanical Properties of Mass Structures.  
2.2 Mass Concrete 
Mass concrete is defined by ACI Committee 207 (2005) as “any volume of concrete with 
dimensions large enough to require that measures be taken to cope with the generation of heat 
from hydration of cement and attendant volume change to minimize cracking”. In a traditional 
mass concrete placement, considerations must be taken to account for high temperatures generated 
during hydration. However, as mentioned previously, HSCs react differently to high temperature 
exposure and often produce better mechanical properties.   
Mass concrete structures made of ready mixed concrete generally have thermal gradients 
that lead to thermal cracking and early age tensile stresses which can weaken the structure over 
time. As the volume of the placements increase, thermal gradients can also increase if not 
accounted for by using insulating formwork (e.g. thermal blankets). Additionally, thermal 
gradients can cause tensile stresses in a structure. These early age tensile stresses can lead to 
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cracking which weakens the structure over time and increases is susceptibility to chemical 
deterioration.  
There have been models produced in an attempt to describe heat generation of these mass 
structures so thermal gradients can be estimated prior to placement. Tia et al. (2013) used a finite 
element model to predict temperature development of ready mixed concrete in structures 
commonly used in Florida. Isothermal calorimetry was used for each concrete mixture to quantify 
heat generation at early ages. This isothermal calorimetry data was then used as inputs into TNO 
DIANA, a finite element program, to model thermal behavior of concrete. The model was able to 
reasonably predict temperature gradients in mass concrete structures. Once this finite element 
program was in place a database of mixtures common to Florida Department of Transportation 
projects was developed to better facilitate thermal analysis (Tia et al., 2016).  
One concern when placing mass structures is that excessive heat generation can lead to 
delayed ettringite formation (DEF). Ettringite is typically formed during hydration as gypsum 
reacts with calcium aluminates to form small needle-like crystals which stiffen the concrete. 
Research has shown that when internal temperatures in mass concrete structures exceed 70°C 
(158°F) sulfate imbalances can occur during hydration which delays the formation of ettringite 
until the internal temperature is lowered and sulfates can be rereleased into the microstructure 
(Taylor et al., 2001). When ettringite formation is delayed, it can lead to cracking in concrete as 
the ettringite crystals expand and crack the already set concrete. In addition to internal 
temperatures, high cement content, high blaine fineness, and high alkali, sulfate, and aluminate 




Lawrence et al. (2014) found that insulation thickness can significantly affect maximum 
temperature variations within a structure. For cubes ranging in size from 0.5 meters to 4 meters, 
temperature variations decreased by an average of 12°C (21°F) as insulation increased from 38 to 
225 mm (1.5 to 9 inches). Additionally, it was shown that by reducing this thermal gradient the 
maximum stresses induced in each cube was reduced. Timing of formwork removal also affected 
tensile strength at the surface of concrete elements. The longer formwork was left on the cubes, 
the less likely cracking was to occur. Although removing formwork at 1, 2, or 3 days did not 
exceed the tensile strength of the cube, it was high enough to induce cracking and could lead to 
long-term durability issues. At 4 days, stresses caused by formwork removal were found to be less 
than 50% of the blocks tensile strength and therefore were a minimal risk for cracking. 
Distributed temperature sensing (DTS) was used in a mass structure in China to determine 
if it could help with cracking control (Ouyang et al., 2019). DTS systems were shown to accurately 
monitor temperature development in mass concrete structures. Thermal properties were also able 
to be determined through the DTS system. Using the temperature development and thermal 
property capabilities of the DTS system, a framework was purposed that could help predict 
cracking based on temperature gradients in mass structures.  
Byard et al. (2012) evaluated early-age cracking tendencies of bridge decks. Pre-wetted 
fine aggregate was included in the mixture to provide additional moisture to facilitate hydration 
reactions after placement. A rigid cracking frame was used to restrain specimens and cure them at 
temperatures that matched those of concrete placed in bridge decks. The addition of pre-wetted 
aggregate was shown to reduce or eliminate autogenous shrinkage effects as well as the stress 
development caused by autogenous shrinkage. Additionally, mechanical properties of match cured 
mixtures were notably lower for specimens with higher w/cm ratios. As the w/cm ratio was 
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lowered, increases in mechanical properties at all testing days were seen. Lower w/cm ratios led 
to increased autogenous shrinkage stress development. 
Riding et al. (2008) tested four different fly ash sources (2 class F and 2 class C) to 
determine their effects on early age cracking. The addition of fly ash, regardless of source, was 
seen to reduce the risk of cracking at early ages. However, the concretes containing fly ash 
developed lower tensile strengths than the control mixture indicating that concretes containing fly 
ash would crack sooner than the control concrete given equal stress development. The addition of 
fly ash did lower the heat of hydration leading to lowered thermal strain. Cracking risk was found 
to be a function of many phenomena including modulus development, creep, heat of hydration, 
and tensile strength development. The effects of material constituents needed to be further 
researched to understand their significance on the cracking sensitivity of concrete. 
Although there has been ample research about the effects of materials, size, temperature 
gradients, thermal stresses, etc. on mass concrete structures made with conventional ready mixed 
concrete, there have been very limited studies about HSC in mass concrete structures. Kodur et al. 
(2016) used a numerical model to estimate temperature distribution of a blend of UHPC. The 
model started at the micro-scale and was then scaled up to the macro-scale by using a finite element 
analysis software (e.g. Abaqus). Parametric studies were conducted where the effects of 
proportions, size, insulation, and reinforcement on the development of heat were modeled. It was 
found that a UHPC with silica fume produced higher internal temperatures than a UHPC blend 
with fly ash. Three cubes with 1 meter, 2 meter, and 3 meter sides were modeled. As block size 
increased, peak temperatures in the center of each cube as well as tensile stresses at the surface of 
the cubes also increased. These tensile stresses exceeded the tensile strength of the concrete for all 
three cube sizes indicating that significant cracking would have occurred. Thermal blankets can 
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reduce the thermal gradient within the cubes and reduce the likelihood of cracking due to thermal 
stresses.  
Sbia et al. (2017) conducted a pilot scale field investigation where a large UHPC was 
poured, wrapped with an insulating blanket (R-value of 1.2 m2∙K/W), and allowed to cure under 
its own heat of hydration. Peak temperatures in the large UHPC field placement reached 90°C. 
Cores were then taken from this mass structure and tested against laboratory cured specimens of 
the same mixture. Laboratory cured specimens were cured for 90°C for 2 days then broken for 
compressive strength at 7 days. Laboratory specimens produced an average compressive strength 
of 159 MPa while cores from the mass placement produced average compressive strengths of 167 
MPa. A laboratory scale cube with dimensions 0.3 by 0.3 by 0.3 meters was poured in the lab and 
insulated using polystyrene with an R-value of 5.6 m2∙K/W. This laboratory scale cube generated 
peak temperatures of approximately 80°C.  
2.3 Thermodynamic Modeling of Mass Placements 
Modeling early age thermal responses of mass concrete structures made with ready mixed 
concrete has been studied from many perspectives. For example, Faria et al. (2006) created a 
thermo-mechanical model to assess stresses caused by hydration heat. Although general 
temperature trends were modeled accurately, oversimplified boundary conditions produced errors 
when predicting temperatures at ambient boundaries. Similar models have been used to predict 
temperature profiles within mass concrete structures and are summarized in Table 2.1. These 
models commonly use Fourier’s Law to model conduction and Arrhenius’ Law or directly input 
calorimetry data to simulate heat generation. Many properties, such as thermal conductivity (k), 
specific heat (cp), density (ρ), and convection heat transfer coefficient (h), are considered constant. 
However, more accurate modeling of boundary conditions, particularly by better capturing the 
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convection coefficient, could reduce error and improve thermodynamic modeling of concrete 
behavior.  
Table 2.1 Review of literature on thermal modeling of conventional mass concrete 
Reference 
Modeling Methods Assumed 
Constant 
Properties 











k, cp, ρ, h 
Peak temperatures were predicted later than 
measured peak; model overestimated 
temperature after peak.  
Ayotte et al. 
(1997) 
ADINA-T ADINA-T k, cp, ρ, h 
Model predicted interior temperatures very 








k, cp, ρ, h 
Peak maximum temperature at edges of 







k, cp, ρ, h 
Accuracy decreased closer to structure edges 








k, cp, ρ, h 
Reasonable general trends predicted; exact 







k, cp, ρ, h 
An analytical core temperature solution 







k, cp, ρ 
Core temperature peak was 2°C high and 
slightly offset and surface temperature peak 







cp, ρ, h 
Surface temperature peak was modeled lower 







k, cp, ρ, h 
Surface and core temperatures were 
overestimated for 100% cement and increased 
in accuracy as SCMs were added. 
 
Riding et al. (2007) focused on numerically modeling convection as well as various forms 
of radiation experienced by eight mass bridge members exposed to ambient conditions. Modeling 
was verified using data collected via thermocouples from the actual bridge members, and was 
found to have an average absolute error ranging from 0.5°C to 4.6°C for the eight members. The 
model did not account for convection as a function of temperature and time (i.e. constant values 
were used), but did account for both free and forced convection. Currently, continued research on 
modeling thermal profiles of mass UHPC structures is needed. Note that Kodur et al. (2016), 
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Maruyama et al. (2005), and Schrefler et al. (2002) have already begun to thermally characterize 
mass UHPC placements. These studies all employed a constant heat transfer coefficient.  
2.4 Effects of Silica Fume on Mechanical and Thermal Properties 
The addition of silica fume has been shown to positively affect the mechanical properties 
of conventional concrete. Detwiler and Mehta (1989) used carbon black, an inert filler similar in 
size to silica fume, to quantify effects of pozzolanic reaction timing as well as particle size on 
mechanical properties of conventional concrete. Three mixtures were made: cement paste (which 
was used as a baseline), cement paste with silica fume, and cement paste with carbon black all 
mixed at an identical w/cm ratio. After 7 days of room temperature curing, there was no significant 
difference in compressive strength between the three mixtures. However, after 28 days of room 
temperature curing, pozzolanic reactions had occurred and cement paste specimens with silica 
fume were on average 15 MPa stronger than specimens with carbon black or the baseline cement 
paste.  Therefore at early ages, specimens with carbon black and silica fume produced comparable 
strengths to cement paste even though they had less cement due to physical traits such as particle 
packing. However at later ages, pozzolanic reactions had occurred and produced additional 
calcium silicate hydrate (CSH) due to the additional calcium hydroxide (CH) and silicon dioxide 
(SiO2) available in the system.  
Hooton (1993) found conventional concrete containing silica fume had noticeably higher 
compressive strengths than concrete with no SCM replacement when tested between 7 and 91 
days. However, the benefits of the pozzolanic reactions were not seen as much at late ages. For 
concretes with silica fume there was only a 12% increase in strength between 28 days and 5 years 
whereas conventional concrete strength increased 55% between 28 days and 5 years. Elastic 
modulus and splitting tensile strength were also investigated. Elastic modulus followed similar 
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trends to compressive strength with no increases in modulus after 90 days, but silica fume was not 
seen to significantly affect modulus. Splitting tensile strength was not improved by the addition of 
silica fume.   
Several researchers have investigated the effects of varying levels of silica fume 
replacement in high strength and UHPC mixtures (Table 2.2). In most cases, as silica fume 
replacement level increased, overall mechanical properties also increased until an optimum value 
was reached. This optimum value varied and was dependent on other materials used in a concrete 
mixture such as cement, SCMs, admixtures, and w/cm ratio. 
Table 2.2 Literature on effects of silica fume in high strength and ultra-high performance 
concretes 
Reference Silica Fume Levels Key Finding(s) 
Wu et al. 
(2019) 
0%, 5%, 10%, 15%, 
20%, 25% 
Compressive strengths in UHPC without fibers increased to 83 
MPa at 10% then gradually decreased as SF levels increased 
while UHPC with fibers achieved a maximum strength of 120 
MPa between 10 to 20% SF.  
Ibrahim et al. 
(2017) 
10%, 20%, 25%, 
30% 
Compressive strength increased as SF levels increased from 10 to 
25%, but there were no significant increases from 25 to 30%. 
Compressive strength ranged from 130 to 160 MPa. 
Alsalman et 
al. (2017) 
0%, 5%, 10% ,15%, 
20% 
Compressive strength increased as SF levels increased from 0 to 
10% and decreased from 10 to 20%. Compressive strengths 
ranged from 60 MPa to 125 MPa. 
Kadri et al. 
(2009) 
0%, 10%, 20%, 30% 
Compressive strength increased as SF levels increased from 0 to 
10% and decreased from 10 to 30% regardless of w/cm ratio. 
Compressive strengths ranged from 10 to 120 MPa.  
Park et al. 
(2008) 
0%, 15%, 20%, 
25%, 30%, 35% 
Compressive strength increased as SF level increased from 0 to 
25% and decreased from 25 to 35%. Compressive strength ranged 
from 100 MPa to 140 MPa. 
Mazloom et 
al. (2004) 
0%, 6%, 10%, 15% 
Compressive strength increased as SF levels increased from 0 to 
15%. Compressive strengths ranged from 46 to 70 MPa. 
Talebinejad 
et al. (2004) 
20%, 25%, 30%, 
35% 
Compressive strength increased as SF levels increased from 20 to 
25% and decreased from 25 to 35%. This trend held for a range 
of w/cm ratios. Compressive strength ranged from 180 MPa to 
320 MPa. 




Chemically, silica fume effects heat of hydration by increasing pozzolanic reactions. Kadri 
et al. (2009) used semi adiabatic calorimetry to quantify heat generation in high strength concrete 
mixtures with varying amounts of silica fume. As silica fume replacement percentage increased, 
the dormant period of hydration was reduced and hydration curves peaked sooner. Additionally, 
as silica fume levels increased the total heat generation during the initial 24 hours of hydration 
increased, but silica fume level increases did lead to overall reductions in peak heat generation. 
Wu et al. (2016) used an isothermal calorimeter to measure heat of hydration rates of UHPC 
mixtures with five levels of silica fume replacement (0, 10, 15, 20, and 25%). Dormant periods 
decreased from 12 hours at 0% SF replacement to as little as 9 hours with the addition of silica 
fume. Additionally, time of peak in the heat of hydration rate curves occurred sooner as silica fume 
levels increased. Contrary to Kadri et al. (2009), peak values of the rate of heat hydration curves 
were not affected by silica fume level. 
Although research has been performed on the effects of silica fume replacement 
percentages, these studies generally only account for one silica fume source. There are limited 
studies on the effects of silica fume source in UHPC mixtures. Burroughs et al. (2016) investigated 
the effects of eight different silica fume sources, with SiO2 contents ranging from 75 to 97.5%, on 
fresh and mechanical properties of UHPC mixtures. A constant admixture dosage was used for 
each mixture. Only three concrete mixtures achieved breakover (i.e. changed from a semisolid to 
fluid consistency) during bench scale mixing. These three mixtures had SiO2 contents of 97.3%, 
95.0%, and 93.7%. Mixtures that brokeover during bench scale production were then scaled up 
and mixed using a high shear mixer to produce specimens to test for mechanical properties. These 
mixtures were cured identically with a standard curing regime of 7 days at room temperature 
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followed by 7 days in a 90°C steam environment. The range of compressive (193 to 199 MPa) and 
flexural (27.4 to 28.8 MPa) strengths were not found to be significantly different for the 3 mixtures. 
A similar study by Kim and Wang (2019) studied the effects of four different silica fumes 
with SiO2 contents of 85 and 98% on UHPC mechanical properties. These specimens were cured 
in room temperature water and broken in compression at 7, 14, and 28 days. On average, strength 
increased with curing time, but the strength gain pattern was correlated to purity of silica fume 
sources. The “purest” silica fume (i.e. the silica fume with the highest SiO2 content) produced the 
highest compressive strengths at all three test days. At 7 days, the silica fume with 98% SiO2 had 
significantly higher compressive strengths (approximately 100 MPa) compared to specimens made 
with the other silica fumes all with a purity of 85% (approximately 70-90 MPa). This trend in 
compressive strength held at 14 and 28 days with 98% SiO2 specimens having the highest 
compressive strengths.  
Tai and El-Tawil (2020) investigated three silica fumes with SiO2 contents of 97%, 93%, 
and 86% mixed with three different cements and three different admixtures. All specimens were 
cured in room temperature water for 14 or 28 days prior to testing. Slight differences were observed 
for each admixture and cement combination as silica fume source changed, but overall no real 
trends were observed relating silica fume purity to compressive strength. Although this does not 
agree with Kim and Wang (2019), they used an ASTM C150 Type III cement while the three 
cements used in Tai and El-Tawil (2020) were ASTM C150 Type I/II cements. 
Additional research documented in Burroughs et al. (2019) determined the effects of silica 
fume source with SiO2 contents varying from 68.4 to 97.8% on rheological behaviors of cement 
paste. Eight different silica fume sources were tested at three different w/cm ratios and three 
replacement percentages to characterize rheological behaviors. A rate index was determined for 
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each silica fume and w/cm ratio combination and the study characterized the consistency of the 
paste via ASTM C1749. It was found that silica fume source and replacement percentage both 
significantly affected the rheological behavior of cement paste. As silica fume replacement 
percentage increased, the rate index decreased, meaning that mixing difficulty increased.  
2.5 Methods for Estimating Thermal and Mechanical Properties of Mass Structures 
One of the original methods for determining in-place properties of concrete structures was 
known as the maturity method (Nurse, 1949; Saul, 1951). This method proposed a factor called 
maturity to account for the time-temperature history of concrete when predicting mechanical 
properties that can be calculated using Equation 2.1 where M is maturity, T is the temperature of 
the concrete, and Tref is a reference temperature.  
 





According to the maturity method, any concrete with identical maturities would produce 
identical mechanical properties regardless of the time-temperature history. For example, take two 
concrete specimens from the same mixture that were cured two different ways. If Specimen A was 
cured at 50°C for 5 days while specimen B was cured at 25°C for 10 days they would both have a 
maturity of 250°C-days and thus have equivalent mechanical properties.  
An alternative approach to the maturity method predicts strength gain in concrete using an 
equivalent age term rather than utilizing the time-temperature history (Rastrup, 1954). The 
equivalent age term can be calculated as the curing age at a constant temperature that yields the 
same approximate strength compared to its actual temperature history.  This equivalent age term 
hinges on an “affinity ratio” that converts a time interval at any temperature to its equivalent time 
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at a constant temperature. To use the equivalent age method, apparent activation energy also needs 
to be known.  
Carino (1984) provides an in depth review of the theory behind these methods and their 
applicability to the construction industry. Using experimental data, Carino tested these methods to 
determine their accuracy. It was found that when using the Arrhenius equation for equivalent age 
calculations, the rate constant has a high temperature sensitivity and the variations in this rate 
constant with curing temperature were more non-linear as activation energy increased. 
Additionally, using the traditional reference temperature of -10°C, the maturity method did not 
yield the most accurate results. This should be evaluated for each mixture.  
Currently there are several methods to predict in-place properties for conventional 
concrete. Although, in some cases, these methods have been shown to be reliable for traditional 
ready-mixed structures, their applicability to HSCs is not fully understood.  
2.5.1 Schmidt Method  
The Schmidt Method was developed by E. Schmidt in the 1920s as a way to estimate 
maximum temperature based on differential equations. It is a simplified finite difference method 
that solves Fourier’s law governing heat transfer equation at discrete nodes and time steps. This 
method is summarized in ACI 207.1R (2005) and gives further guidance on how to handle specific 
cases of boundary conditions.  
Riding et al. (2006) evaluated temperature prediction methods against recorded time-
temperature histories of eight concrete bridge members. The Schmidt method was used to model 
all eight concrete bridge members. Boundary conditions were accounted for during modeling of 
surface nodes using recorded experimental values for ambient temperature, wind speed, and solar 
radiation to calculate a convection coefficient. Conduction modeling using the Schmidt method 
 
19 
was shown to be accurate, but further refinement of boundary condition assumptions would 
increase modeling effort required at the boundaries. Heat generation was accounted for using 
adiabatic temperature rise curves for Type I cement from ACI 207.1R (2005) and measured 
isothermal calorimetry. It was found that using measured isothermal calorimetry data for each 
mixture to determine heat generation provided more accurate estimations of maximum temperature 
and the time of maximum temperature compared to using general adiabatic temperature 
development curves.   
Bobko et al. (2015) expanded upon the Schmidt method to incorporate the concept of 
equivalent age and empirical equations for heat of hydration. This would provide predictions with 
similar predictions to finite element models, but could be implementable in a spreadsheet. Heat 
generation was modeled using equivalent age concepts and an empirical model for heat generation 
from Riding et al. (2012). This modified Schmidt method was shown to greatly improve modeling 
of maximum temperature, time of maximum temperature, and temperature differential compared 
to the original Schmidt method described in ACI 207.1R (2005).  
2.5.2 Maturity Method 
Yikici and Chen (2015) used the maturity method to estimate in-place strength of four 1.8 
meter (6 foot) cubes. Compressive strength development was measured using 5.1 cm (2 inch) 
mortar cubes per ASTM C1074. Activation energy was then calculated from a hyperbolic curve 
fit of compressive strength data. Strength-maturity relationships for each mixture were established 
by molding 15.2 by 30.5 cm cylinders on site and curing them at room temperature for up to 56 
days. Cores were also taken from the cubes and tested at 4, 29, and 56 days. Compressive strengths 
of the cores were found to be significantly lower for cores closer to the top surface compared to 
cores from the bottom surface. The maturity method was found to over predict compressive 
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strength at the top of each cube, but predicted strengths at the center and bottom of the cubes were 
within 15% of the recorded strengths.  
Upadhyaya et al. (2015) used the maturity method to demonstrate that in high volume fly 
ash mixtures the benefits of increased hydration heat can outweigh the concerns of slow rate of 
strength gain in laboratory cured specimens with high volumes of fly ash. Laboratory testing was 
conducted to determine a concrete strength/maturity relationship using mortar cubes to determine 
activation energy. Large field placements were also cast and time-temperature histories were 
recorded. Cylinders were also cast and cured in the field as well as match cured with an identical 
time-temperature profile as field placements. It was found that field cured and standard laboratory 
cured specimens underestimated in-place strengths of concrete structures. Match cured specimens 
revealed that high volume fly ash mixtures in field placements have notably higher compressive 
strengths at early ages due to the heat retained in mass structures. The maturity method predicted 
strengths 15 to 20% lower than match cured specimens at early ages while field cured specimens 
which predicted strengths 20 to 50% lower than match cured specimens.  
Brooks et al. (2007) evaluated the validity of maturity methods for estimating compressive 
strength for 11 cementitious systems. Activation energy was found using mortar cubes cured at 
three temperatures (8, 23, and 40°C) and tested at six equivalent ages as described in ASTM 
C1074. Mixtures with only portland cement experienced large strength reduction due to high 
temperature curing compared to mixtures with cement and SCMs. The equivalent age maturity 
method over predicted the strength of mortar cubes cured at 8 and 40°C. The datum temperature 




Abdel-Jawad (2006) proposed modifications to the Nurse-Saul maturity equations to 
consider w/cm ratio and curing temperature effects on late age strength. The proposed 
modifications were seen to generally improve estimates of compressive strength for specimens 
cured in temperatures ranging from 5 to 50°C. Traditional maturity methods underestimated 
strengths for low curing temperatures and overestimated strengths at high curing temperatures. It 
was stated these modifications still need to be validated for in-place concrete strength estimation, 
especially for mixtures with different types of cements and admixtures. 
2.5.3 ConcreteWorks 
ConcreteWorks is a software developed by the Center for Transportation Research at the 
University of Texas at Austin to help optimize concrete mixture proportioning, perform thermal 
analysis of concrete, and increase chloride diffusion service life (Riding et al., 2017). Mixture 
proportioning is based on guidance outlined by ACI Committee 211. Temperature predictions of 
mass concrete structures are based Fourier’s law governing heat transfer. Fourier’s law also 
includes a heat generation term to account for hydration heat. Hydration parameters are calculated 
in ConcreteWorks through a statistical analysis which was developed using over 300 semi-
adiabatic calorimetry tests and 117 isothermal calorimetry tests. Based on predicted thermal 
performance, a maturity value is also calculated which can be used to determine compressive 
strength development. Elastic modulus and splitting tensile relationships can then be developed 
based on the compressive strength relationships.  
This software has been adapted and used in several states. Gross et al. (2017) validated the 
accuracy of ConcreteWorks by comparing it to seven different bridge elements cast in Alabama. 
ConcreteWorks was able to predict maximum temperature within 7°C and maximum temperature 
difference within 4°C, both of which were considered to be acceptable. Five ConcreteWorks inputs 
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were chosen as important with respect to the temperature profiles experienced by the mass 
placements: location, placement date, coarse aggregate type, SCM type, and least dimension and 
tested to determine their statistical significance.  All of these inputs were considered to be 
significant with the exception of two cases. Coarse aggregate type did not significantly affect 
maximum temperature difference and placement location did not significantly affect concrete 
cracking risk.  
Wang et al. (2020) modified ConcreteWorks to better suit the needs of the construction 
industry in Iowa. Modifications to input options included increasing thermal analysis duration 
from 14 to 30 days, adding more cities as available options when choosing weather conditions, 
altering default material properties to more closely resemble those commonly used by the Iowa 
Department of Transportation (DOT), and adding additional formwork options. Outputs were 
modified to use Iowa DOT’s specifications on mass concrete rather than Texas DOT, which was 
the default. The modified version of ConcreteWorks, original version of ConcreteWorks, and 
another temperature prediction software called 4C-Temp&Stress were compared to thermal data 
collected from a bridge footing cast in Iowa. The modified version of ConcreteWorks was the most 
accurate. It correctly predicted the core maximum temperature and predicted the time of maximum 
temperature only 2 hours later than when it actually occurred. ConcreteWorks did over predict 
compressive strength of specimens cast and cured in the same ambient conditions of a mass 
placement (i.e. not the same time-temperature history as the mass placement) but by no more than 
approximately 5 MPa. 
Sargum et al. (2019) expanded on this analysis of the bridge footing cast in Iowa. It was 
found that correctly calculating the apparent activation energy and hydration curve parameters is 
critical to accurately predicting temperature development in mass structures. ConcreteWorks was 
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able to reasonably predict maximum temperature, maximum temperature differential, maturity, 
and compressive strength development of the bridge footing. Sensitivity analysis using 
ConcreteWorks also revealed that high cement content and high placement temperatures resulted 







A total of 983 concrete specimens and 120 cement paste (CP) specimens are reported in 
this dissertation. Of these specimens, all 983 specimens were tested to obtain mechanical 
properties (582 compressive strength, 289 elastic modulus and 112 indirect tensile strength) while 
388 specimens had recorded time temperature histories. Specimens were produced between May 
2017 and October 2020. 
3.2 Materials 
Six different high strength concrete (HSC) mixtures were produced in this dissertation: 5 
ultra-high performance concretes (UHPCs) and 1 very high strength concrete (VHSC). These 
mixtures used combinations of 2 cement sources (API Class H and ASTM C595 Type IL), 4 silica 
fume sources, 1 fly ash (Class F), four aggregates (silica flour, silica sand, concrete sand, and 89 
limestone), steel fibers, admixtures, and water. A description of each material used for these 
mixtures is given in subsequent sections below.  
3.2.1 Cement 
The American Petroleum Institute (API) defines Class H cement as a cement with high 
sulfate resistance that is commonly used in oil wells. Class H cement is coarsely ground and 
hydrates slowly to reduce heat of hydration. This cement was received from LaFarge’s Joppa, 
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Illinois plant in 2016 and 2019. Table 3.1 displays average properties of the Class H cement used 
herein from mill certificates received over the duration of this study. The range in properties of 
this time period was modest.  
Table 3.1 API Class H cement properties from mill certificates 
Property February 2016 March 2016 April 2016 May 2019 Average 
Blaine FinenessA 
(m2/kg) 
311 302 311 319 311 
SiO2 (%) 22.0 22.0 22.3 21.6 22.0 
Al2O3 (%) 2.7 2.7 2.6 2.9 2.7 
Fe2O3 (%) 4.5 4.5 4.4 4.8 4.6 
CaO (%) 64.6 64.6 64.7 64.1 64.5 
MgO (%) 2.1 2.3 2.3 2.5 2.3 
SO3 (%) 2.8 2.8 2.8 2.8 2.8 
Free LimeB (%) 0.5 0.6 0.4 0.5 0.5 
C3S (%) 63 63 62 62 63 
C3A (%) 0 0 0 0 0 
A Measured via ASTM C204 
B From X-ray diffraction 
 
ASTM C595 Type IL cement, also known as portland-limestone cement (PLC), is defined 
as a hydraulic cement with a limestone content ranging from 5 to 15%. This high interground 
limestone content has been shown to interact favorably with supplemental cementitious materials 
(SCMs) as well as reduce clinker content, therefore reducing the carbon footprint of the cement. 
This cement was received from Holcim’s Theodore, Alabama plant in 2017. Properties of this 
Type IL cement from mill certificates can be found in Table 3.2.  
Table 3.2 ASTM C595 Type IL cement properties from mill certificates 
Property October 2017 
Blaine Fineness (m2/kg) 553 
Interground Limestone (%) 10 




3.2.2 Supplementary Cementitious Materials 
Five supplementary cementitious materials (SCMs) were used in this dissertation. Silica 
fume is a pozzolanic SCM with a very high SiO2 content which reacts with calcium hydroxide 
(CH) to create calcium-silicate-hydrate (CSH). The small particle size of silica fume and formation 
of CSH densifies the mixture which decreases permeability and increases corrosion resistance. 
Four silica fumes were used in this dissertation: ES 900-W (denoted Fume 1) produced by Elkem, 
Z3-95 (denoted Fume 2) produced by Technical Silica Co., D-1000 (denoted Fume 3) produced 
by Technical Silica Co., and A-1000 (denoted Fume 4) produced by Technical Silica Co. Chemical 
properties of each silica fume as given by the manufacturers are shown in Table 3.3.   
A class F fly ash was also used. Class F fly ash generally increases compressive strength 
after 28 days as well as increases resistance to chemical attacks. Similar to silica fume, it is 
pozzolanic in nature and will react with CH produced during hydration to form CSH which 
strengthens the overall cementitious matrix. Chemical properties of the class F fly ash used in this 
study can be found in Table 3.3. 
Table 3.3 Supplementary cementitious material (SCM) properties from material data sheets 
Property Fume 1 Fume 2 Fume 3 Fume 4 Class F Fly Ash 
SiO2 amorphous (%) 97.3 ≥93.0 90 90 49.3 
SiO2 crystalline (%) <1.0 --- --- --- --- 
ZrO2 (%) --- 2 - 5 --- --- --- 
ZrO2+HfO2 (%) --- --- 4.5 7.5 --- 
Fe2O3 (%) 0.3 ≤0.2 0.10 0.3 18.1 
TiO2 (%) <0.1 ≤0.2 0.04 0.04 --- 
Al2O3 (%) 0.5 0.4 - 0.6 4.5 1.2 21.9 
Na2O (%) --- Trace 0.20 0.01 1.0 
CaO (%) --- ≤0.08 0.04 0.09 2.8 
MgO (%) --- Trace --- 0.07 1.1 
C (%) --- --- 0.20 0.20 --- 
Bulk density (kg/m3) --- 300-450 --- 256 - 400  
+325 mesh --- --- 0.25 0.03 --- 
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3.2.3  Aggregates 
Four aggregates were used herein and are pictured in Figure 3.1. Ground silica flour and 
silica sand were produced by US Silica and were received in 50 pound bags and placed in 5 gallon 
buckets for storage. Both the ground silica flour and silica sand were an inert forms of pure SiO2 
with trace elements and did not contribute to hydration heat. These aggregates were considered to 
have negligible absorption values. Concrete sand and 89 limestone were sampled and then dried 
for 2-3 weeks until their specific gravity was between oven dried (OD) and saturated surface dry 
(SSD). After drying, concrete sand and 89 limestone were stored in 5 gallon buckets until testing. 
Concrete sand had an absorption value of 0.37% while 89 limestone’s absorption value was 0.36%. 
Gradations for each aggregate are given in Table 3.4. 
 






















12.70 1/2  --- --- --- 100 
9.51 3/8 --- --- 100 100 
4.76 No. 4 --- --- 100 48.4 
2.38 No. 8 --- --- 97.3 27.9 
1.19 No. 16 --- --- 74.8 6.6 
0.850 No. 20 --- 100 --- --- 
0.600 No. 30 --- 100 52.0 --- 
0.425 No. 40 --- 98 --- --- 
0.300 No. 50 --- 61 8.0 2.5 
0.212 No. 70 --- 17 --- --- 
0.149 No. 100 100 3 --- --- 
0.105 No. 140 99.9 0 --- --- 
0.075 No. 200 98.5 0 --- --- 
0.053 No. 270 93.0 --- --- --- 
0.044 No. 325 88.5 --- --- --- 
 
3.2.4 Fibers 
Steel fibers produced by Bekaert with an aspect ratio of 55 were used. They were made of 
low carbon or mild steel and conformed to ASTM A820. Individual fibers were glued together 
into sheets with a water soluble glue that dissolved during mixing to provide discontinuous 
reinforcement. Properties of these fibers are shown below in Table 3.5. High strength concrete 
applications often utilize steel fibers for discontinuous reinforcement, primarily to improve 
ductility and tensile strengths, but fibers have also been shown to improve compressive strength 
(Carey et al., 2020a).  
Table 3.5 Steel fiber properties 
Property Value 
Tensile strength (MPa) 1.345 ±7.5% 
Modulus of elasticity (MPa) ±210,000 
Length (mm) 30 
Diameter (mm) 0.55 




3.2.5 Admixture  
ADVA 190, a carboxylated polyether based high range water reducing admixture 
(HRWRA), produced by W.R. Grace was used in all laboratory experiments in this work. The 
admixture conformed to ASTM C494 Type A and F and maintained a low water to cementitious 
materials ratio (w/cm) while increasing workability. An additional HRWRA (ADVA 198 
produced by W.R. Grace) and a set retarder (Recover produced by W.R. Grace) were used in a 
mass placement described later in this dissertation. The HRWRAs are essentially identical, but 
ADVA 198 includes a defoamer. Laboratory testing of a mortar mixture with these admixtures 
showed that their thermal profiles were very similar and not a source of concern (Figure 3.2).  The 
set retarder was neglected in laboratory scale mixtures presented in this dissertation.  
 
Figure 3.2 Comparison of mortar specimen’s thermal profiles with both HRWRA  
 
3.3 Mixture Designs 
Five high strength concrete (HSC) mixtures (4 UHPCs and 1 VHSC) were produced and 
tested (Table 3.6). In addition, five cement paste (CP) mixtures with constant proportions relative 






















(Table 3.7). UHPC1, also known as Cor-Tuf, was developed by the US Army Corps of Engineers 
– Engineer Research and Development Center (USACE-ERDC) (Williams et al., 2009; Green et 
al., 2015). All other UHPC mixtures were variations where silica fume source was changed. The 
VHSC mixtures produced were also based on mixture designs provided by USACE-ERDC.  
Table 3.6 Concrete mixture designs to produce 1 m3 
Material UHPC1 UHPC2 UHPC3 UHPC4 UHPC5 VHSC1 
Class H 790 kg 790 kg 790 kg 790 kg --- 732 kg 
Type IL --- --- --- --- 790 kg --- 
Fume 1 309 kg --- --- --- 309 kg --- 
Fume 2 --- 309 kg --- --- --- 126 kg 
Fume 3 --- --- 309 kg --- --- --- 
Fume 4 --- --- --- 309 kg --- --- 
Fly Ash --- --- --- --- --- 82 kg 
Flour 217 kg 217 kg 217 kg 217 kg 217 kg --- 
Silica Sand 767 kg 767 kg 767 kg 767 kg 767 kg --- 
Concrete Sand --- --- --- --- --- 458 kg 
89 Limestone --- --- --- --- --- 812 kg 
Steel Fibers 240 kg 240 kg 240 kg 240 kg 240 kg 160 kg 
ADVA 190 12.6 L 3.8 L 5 L 7.5 L 10.1 L 2.52 L 
Water 166 kg 166 kg 166 kg 166 kg 220 kg 158 kg 
Note: --- indicates material was not used in mixture 
Table 3.7 Cement paste mixture designs to produce 1m3 
Material CP-U1 CP-U2 CP-U3 CP-U4 CP-U5 CP-V1 
Class H 1433 kg 1433 kg 1433 kg 1433 kg --- 1520 kg 
Type IL --- --- --- --- 1433 kg --- 
Fume 1 559 kg --- --- --- 559 kg --- 
Fume 2 --- 559 kg --- --- --- 261 kg 
Fume 3 --- --- 559 kg --- --- --- 
Fume 4 --- --- --- 559 kg --- --- 
Fly Ash --- --- --- --- --- 171 kg 
Flour --- --- --- --- --- --- 
Silica Sand --- --- --- --- --- --- 
Concrete Sand --- --- --- --- --- --- 
89 Limestone --- --- --- --- --- --- 
Steel Fibers --- --- --- --- --- --- 
ADVA 190 22.8 L 6.8 L 9.1 L 13.7 L 18.2 L 5.1 L 
Water 301 kg 301 kg 301 kg 301 kg 398 kg 328 kg 
Note: --- indicates material was not used in mixture 
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3.4  Mechanical Specimen Preparation 
Laboratory scale HSC and CP were produced using a Hobart HL 200 mixer with a paddle 
attachment to induce shear mixing (Figure 3.3a). The same mixing process was used for HSC and 
CP, but CP did not include aggregates and steel fibers. Dry materials (e.g. cement, SCMs, and 
aggregates if included) were placed into a bowl and stirred for one minute at a low speed to create 
a homogenous mixture (Figure 3.3b). 80% of the total amount of water was then added and the 
mixture was mixed for another minute at a low speed (Figure 3.3c). After 1 minute, mixing was 
stopped, admixture was poured into the mixture, and the remaining 20% of water was used to rinse 
out the graduated cylinder to ensure all admixture was used during mixing (Figure 3.3d). Mixing 
then resumed at a slightly faster speed, and was stopped every 5 minutes to scrape dry material 
from the paddle and bowl edges. This continued until the mixture “brokeover” or reached a fluid, 
self-consolidating consistently (Figure 3.3e).  Fibers, if used in the mixture, were then added 
(Figure 3.3f) and mixed until evenly dispersed (Figure 3.3g). This completed mixture was then 
placed into plastic cylinder molds in two equal lifts. HSC mixtures were placed in 10.2 by 20.3 cm 
(4 by 8 inch) specimen molds while CP mixtures were placed in 5.1 by 10.2 cm (2 by 4 inch) 
and/or 7.6 by 15.2 cm (3 by 6 inch) specimen molds. Between lifts, all specimens were placed on 
a vibrating table to remove air voids without altering fiber orientation (Figure 3.3h). Once filled, 
specimen tops were covered to prevent evaporation and placed into a designated curing 




Figure 3.3 Mechanical specimen preparation:  
(a) Hobart HL200 mixer, (b) homogenous dry materials, (c) adding water, (d) adding admixture, 
(e) mixture at “breakover”, (f) adding steel fibers, (g) evenly dispersed steel fibers, (h) specimens 
on vibrating table, (i) specimens with tops  
3.5 Thermal Specimen Preparation 
Four different sets of thermal experiments were conducted herein: standard testing 
cylinders (STCs), pilot scale cylinders (PSCy), pilot scale cubes (PSCu), and mass placements 
(MP). Not every mixture was tested in each of these sets of thermal experiments (Table 3.8). 
Specimen preparation discussed in this section is only for specimens where no mechanical data 







Table 3.8 Thermal Testing Summary 
Mixture STC PSCy PSCu MP 
UHPC1 X X X --- 
UHPC2 X --- --- --- 
UHPC3 X --- --- --- 
UHPC4 X --- --- --- 
UHPC5 X X X --- 
VHSC1 X X X X 
Note: X indicates mixture was used for thermal experiment; 
 --- indicates mixture was not used for thermal experiment 
3.5.2 Standard Testing Cylinders (STCs) 
A total of 18 STC experiments were conducted on specimens at Mississippi State 
University (MSU) in Starkville, MS between 2017 and 2019 (Table 3.9). Three cylinders of 
varying sizes were used to evaluate temperature development within each specimen in an ambient, 
unconditioned environment with little to no air flow and a constant boundary condition of 1.7 mm 
(0.07 inches) of polypropylene (i.e. a plastic cylinder mold).  
Table 3.9 Standard testing cylinders (STC) tested at MSU  
Mixture Testing Time 
UHPC1 August 2017 
UHPC2 May 2018 
UHPC3 June 2018 
UHPC4 August 2019 
UHPC5 June 2018 
VHSC1 August 2019 
  
Polypropylene cylinders sized 7.6 by 15.2 cm (3 by 6 inch), 10.2 by 20.3 cm (4 by 8 inch), 
and 15.2 by 30.5 cm (6 by 12 inch) were used for each of the five mixtures tested (Figure 3.4a). 
Each cylinder had type K thermocouples (TCs) placed throughout to record temperature 
development at known coordinates. TCs were attached to small plastic rods via heat shrink tubing 
at varying radial distances (Figure 3.4b), and then these rods were placed at varying heights (Figure 
3.4c). Each TC location is defined in Table 3.10 by its radial (R) and vertical (Z) coordinate. All 
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coordinates are taken with respect to the origin defined as the center of the bottom face (Figure 
3.4d). TCs were also placed in the testing area to measure ambient temperatures throughout testing. 
To avoid insulating effects of the ground, specimens were placed on grated stands approximately 
15.2 cm (6 inches) from the ground (Figure 3.4e) and 61 cm (24 inches) from other hydrating 
specimens to allow for unaltered airflow (Figure 3.4f). Specimens were left to hydrate for 3 days 
in the ambient environment.  
Table 3.10 Radial coordinates of thermocouples (TC) in standard testing cylinders (STC) 
thermal experiments  
TC  
ID 


































TC1 3.8 0 3.8 0 5.1 0 5.1 0 7.6 0 7.6 0 
TC2 1.9 0 1.9 0 2.5 0 2.5 0 3.8 0 3.8 0 
TC3 0 0 0 0 0 0 0 0 0 0 0 0 
TC4 3.8 7.6 3.8 7.6 5.1 10.2 5.1 10.2 7.6 10.2 7.6 15.2 
TC5 1.9 7.6 1.9 7.6 2.5 10.2 2.5 10.2 3.8 10.2 3.8 15.2 
TC6 0 7.6 0 7.6 0 10.2 0 10.2 0 10.2 0 15.2 
TC7 3.8 15.2 --- --- 5.1 20.3 --- --- 7.6 20.3 --- --- 
TC8 1.9 15.2 --- --- 2.5 20.3 --- --- 3.8 20.3 --- --- 
TC9 0 15.2 --- --- 0 20.3 --- --- 0 20.3 --- --- 
TC10 --- --- --- --- --- --- --- --- 7.6 30.5 --- --- 
TC11 --- --- --- --- --- --- --- --- 3.8 30.5 --- --- 
TC12 --- --- --- --- --- --- --- --- 0 30.5 --- --- 





Figure 3.4 Standard testing cylinders (STC):  
(a) polypropylene cylinder sizes used during testing, TCs are varying (b) radial and (c) vertical 
distances, (d) coordinate system used to determine TC locations, (e) cylinder stand used to 
elevate specimens for unaltered air flow, and (f) testing layout for STC 
3.5.3 Pilot Scale Cubes (PSCu) 
A total of 9 pilot scale cube (PSCu) thermal tests were conducted with a constant boundary 
condition of 19 mm (0.75 inches) of birch hardwood. Three cubes of varying sizes were used to 
evaluate the effects of size on temperature development. Experiments were conducted in one of 
three locations between 2017 and 2019 as shown in Table 3.11. The first location was at MSU in 
the same unconditioned space as the STCs described in the previous section. The second location 







































Center (ERDC) in Vicksburg, MS. An ambient, unconditioned environment with little to no air 
flow, similar to MSU, was used at ERDC. The third location was an outdoor location (OL) in the 
southeastern United States outside Mississippi. Specimens were exposed to outdoor ambient 
temperatures.  










2017 20 cm 















Note: MSU – Mississippi State University; ERDC – Engineer Research and Development Center; AFB – Air Force 
Base  
 Three cubes were constructed with internal dimensions of 10 cm, 20 cm, and 40 cm. 
Hardwood was cut into panels (Figure 3.5a) and attached using 5.1 cm screws (Figure 3.5b). After 
each cube was constructed, edges were sanded. Six small holes were drilled in the cube faces to 
allow for TCs to be placed throughout each cube. TCs were attached to insulated copper wire via 
heat shrink at known locations (Figure 3.5c). TC locations for UHPC1 PSCu experiment are given 
for the 10 cm cube (Table 3.12; Figure 3.5d), 20 cm cube (Table 3.13; Figure 3.5e), and 40 cm 
cube (Table 3.14; Figure 3.5f), while TC locations for all PSCu cubes for UHPC5 and VHSC1 are 
given in Tables 3.15 and 3.16. Power was unavailable at the OL, and as a result a reduced TC 
arrangement was developed for VHSC1. In addition to type K thermocouples, temperature sensors 
(TS) that were self-powered, also supplied by ERDC, were used in the 40 cm cube of VHSC1. All 
coordinates are taken with respect to the origin defined as the bottom front left corner of the cube.  
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  TCs were also placed in the testing area to measure ambient temperatures throughout 
testing. To avoid insulating effects of the ground, specimens were placed on grated stands 
approximately 15.2 cm (6 inches) from the ground and 61 cm (24 inches) from other hydrating 
specimens to allow for unaltered airflow. Specimens were left to hydrate in the ambient 
environment (Figure 3.5g 3.5h, 3.5i).  

















TC1 0 5 5 TC9 5 7.5 5 
TC2 2.5 5 5 TC10 5 10 5 
TC3 5 5 5 TC11 0 0 0 
TC4 7.5 5 5 TC12 2 2 2 
TC5 10 5 5 TC13 4 4 4 
TC6 5 0 5 TC14 6 6 6 
TC7 5 2.5 5 TC15 8 8 8 
TC8 5 5 5 TC16 10 10 10 
Note: X – x-coordinate; Y – y-coordinate; Z – z-coordinate;  
TC – type K thermocouple 
 

















TC1 0 10 10 TC12 10 20 10 
TC2 4 10 10 TC13 0 0 0 
TC3 8 10 10 TC14 2.5 2.5 2.5 
TC4 12 10 10 TC15 5 5 5 
TC5 16 10 10 TC16 7.5 7.5 7.5 
TC6 20 10 10 TC17 10 10 10 
TC7 10 0 10 TC18 12.5 12.5 12.5 
TC8 10 4 10 TC19 15 15 15 
TC9 10 8 10 TC20 17.5 17.5 17.5 
TC10 10 12 10 TC21 20 20 20 
TC11 10 16 10     
Note: X – x-coordinate; Y – y-coordinate; Z – z-coordinate;  






















TC1 0 20 20 TC21 21.2 21.2 21.2 
TC2 4 20 20 TC22 23.5 23.5 23.5 
TC3 8 20 20 TC23 25.9 25.9 25.9 
TC4 12 20 20 TC242 28.2 28.2 28.2 
TC5 16 20 20 TC25 30.6 30.6 30.6 
TC6 20 20 20 TC26 32.9 32.9 32.9 
TC7 24 20 20 TC27 35.3 35.3 35.3 
TC8 28 20 20 TC28 37.6 37.6 37.6 
TC9 32 20 20 TC29 40 40 40 
TC10 36 20 20 TC30 20 0 20 
TC11 40 20 20 TC31 20 4 20 
TC12 0 0 0 TC32 20 8 20 
TC13 2.4 2.4 2.4 TC33 20 12 20 
TC14 4.7 4.7 4.7 TC34 20 16 20 
TC15 7.1 7.1 7.1 TC35 20 20 20 
TC16 9.4 9.4 9.4 TC36 20 24 20 
TC17 11.8 11.8 11.8 TC37 20 28 20 
TC18 14.1 14.1 14.1 TC38 20 32 20 
TC19 16.5 16.5 16.5 TC39 20 36 20 
TC20 18.8 18.8 18.8 TC40 20 40 20 
Note: X – x-coordinate; Y – y-coordinate; Z – z-coordinate;  
TC – type K thermocouple 
Table 3.15 Cartesian Coordinates of TCs in 10 cm, 20 cm, and 40 cm cube filled with UHPC5 
TC 
ID 



















TC1 0 5 5 0 10 10 0 20 20 
TC2 2.5 5 5 4 10 10 4 20 20 
TC3 5 5 5 8 10 10 8 20 20 
TC4 4 4 4 10 10 10 20 20 20 
TC5 2 2 2 5 5 5 9.5 9.5 9.5 
TC6 0 0 0 0 0 0 4.7 4.7 4.7 
TC7 --- --- --- --- --- --- 0 0 0 
Note: --- indicates TC was not used; X – x-coordinate; Y – y-coordinate; Z – z-coordinate; 







Table 3.16 Cartesian Coordinates of TCs in 10 cm, 20 cm, and 40 cm cube filled with VHSC1 
TC  
ID 



















TC1 0 5 5 0 10 10 0 20 20 
TC2 5 5 5 10 10 10 20 20 20 
TS1 --- --- --- --- --- --- 20 20 0 
TS2 --- --- --- --- --- --- 20 20 20 
TS3 --- --- --- --- --- --- 20 20 40 
Note: --- indicates TC was not used; X – x-coordinate; Y – y-coordinate; Z – z-coordinate; 
 TC – type K thermocouple; TS – temperature sensor 
 
 
Figure 3.5 PSCu Thermal Experiments:  
(a) hardwood panels, (b) assembled cube, (c) TC wiring, (d) finished 10 cm cube, (e) finished 20 
cm cube, (f) finished 40 cm cube, (g) MSU testing location, (h) ERDC testing location, and (i) 








3.5.4 Pilot Scale Cylinders (PSCy) 
A total of 12 pilot scale cylinder (PSCy) thermal tests were conducted with a constant 
boundary condition of steel ranging in thickness from 3.5 mm to 6.7 mm. Four cylinders of varying 
sizes were used to evaluate the effects of size on temperature development. Experiments were 
conducted in one of two locations between 2018 and 2019 as shown in Table 3.17. The first 
location was at the United States Army Corps of Engineers (USACE) Engineer Research and 
Development Center (ERDC) in Vicksburg, MS. An ambient, unconditioned environment with 
little to no air flow, similar to MSU, was used at ERDC. The second location was an outdoor 
location (OL) in the southeastern United States outside Mississippi. Specimens were exposed to 
outdoor ambient temperatures.  











15.2 by 30.5 cm 
22.9 by 45.7 cm 
30.5 by 61.0 cm 
UHPC5 




15.2 by 30.5 cm 
22.9 by 45.7 cm 
30.5 by 61.0 cm 
VHSC1 




15.2 by 30.5 cm 
22.9 by 45.7 cm 
30.5 by 61.0 cm 
Note: ERDC – Engineer Research and Development  
Center; OL – outdoor location  
 Four steel cylinders sized 10.2 by 20.3 cm (4 by 8 inch), 15.2 by 30.5 cm (6 by 12 inch), 
22.9 by 45.7 cm (9 by 18 inch), and 30.5 by 61.0 cm (12 by 24 inch) were used for PSCy thermal 
experiments (Figure 3.6a). Each cylinder had type K TCs placed throughout at known locations to 
measure temperature development. TCs were attached to wooden dowels at varying radial 
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distances with heat shrink tubing, and then the dowels were placed at varying heights in each 
cylinder (Figure 3.6b). TC locations for each PSCy experiment are given in Table 3.18. Power was 
unavailable at the OL, and as a result a reduced TC arrangement was developed for VHSC1. In 
addition to type K thermocouples, temperature sensors that are self-powered, supplied by ERDC, 
were used in the 30.5 by 61.0 cm cylinder. All radial coordinates are taken with respect to the 
origin defined as the center of the bottom face of the cylinder.  
TCs were also placed in the testing area to measure ambient temperatures throughout 
testing. Due to the size of the molds, a cart was created with stands to hold each cylinder 
approximately 15.2 cm (6 inches) above the top of the cart (Figure 3.6c). During placement of 
each UHPC and VHSC mixture, I-hooks were placed in the 22.9 by 45.7 cm and 30.5 by 61.0 cm 
specimens to facilitate removal of concrete (Figure 3.6d). Steel and Plexiglas plates were placed 
on top of each cylinder to mitigate evaporation at the surface. Specimens were left to hydrate in 
the ambient environment (Figure 3.6e and 3.6f).  




10.2 by 20.3 cm 15.2 by 30.5 cm 22.9 by 45.7 cm 30.5 by 61.0 cm 


































TC1 5.1 0 5.1 10.2 7.6 0 7.6 15.2 11.5 0 11.5 22.9 15.2 0 15.2 30.5 
TC2 2.5 0 0 10.2 3.8 0 0 15.2 5.7 0 0 22.9 7.6 0 0 30.5 
TC3 0 0 --- --- 0 0 --- --- 0 0 --- --- 0 0 --- --- 
TC4 5.1 10.2 --- --- 7.6 15.2 --- --- 11.5 22.9 --- --- 15.2 30.5 --- --- 
TC5 2.5 10.2 --- --- 3.8 15.2 --- --- 5.7 22.9 --- --- 7.6 30.5 --- --- 
TC6 0 10.2 --- --- 0 15.2 --- --- 0 22.9 --- --- 0 30.5 --- --- 
TS1 --- --- --- --- --- --- --- --- --- --- --- --- --- --- 0 0 
TS2 --- --- --- --- --- --- --- --- --- --- --- --- --- --- 0 30.5 
TS --- --- --- --- --- --- --- --- --- --- --- --- --- --- 0 61.0 
Note: --- indicates TC was not used for thermal experiment; R – radial coordinate; Z – vertical coordinate; TC – type 





Figure 3.6 PSCy Thermal Experiments:  
(a) steel cylinder molds, (b) wooden dowel rods with TCs, (c) cart with cylinder stands for 
testing, (d) I-hooks placement in 22.9 by 45.7 cm and 30.5 by 61.0 cm specimens, (e) ERDC and 
(f) OL testing locations 
3.5.5 Mass Placement (MP) 
Thermal data was also obtained for one mass placement that occurred at an outdoor 

















































(6 foot) diameter steel culvert was used to evaluate the effects of size on temperature development. 
The MP was exposed to outdoor ambient temperatures and was not shielded from any precipitation 
or wind. 
 A steel culvert with a diameter of 1.83 meters and a height of 1.32 meters was used in this 
MP. A piece of plywood was attached to the base of the culvert to facilitate concrete placement. 
Nine temperature sensors (TS) were placed at known coordinates in the culvert to measure 
temperature development (Table 3.19; Figure 3.7). The culvert was then wrapped four times with 
an insulating blanket with an R-value of 0.9 m2∙K/W (5.1 hr∙ft2∙F/BTU) and left to cure in the 
ambient outdoor environment. 








TS1 76.2 30.5 
TS2 76.2 61.0 
TS3 76.2 91.4 
TS4 60.9 30.5 
TS5 60.9 61.0 
TS6 60.9 91.4 
TS7 45.7 30.5 
TS8 45.7 61.0 
TS9 45.7 91.4 




Figure 3.7 Temperature sensor (TS) layout in mass placement (MP) 
 
3.6 Curing Regimes 
Forty-four forced and non-forced curing regimes (CRs) were used herein to cure concrete 
specimens. These CRs were divided into four families: isothermal (I), adiabatic (A), combination 
(C), and neither (N). Table 3.20 introduces all CRs used in this dissertation. CR designations are 
consistent within this dissertation (i.e. CR3 is the same throughout the document); however, CR3 
in this dissertation may not be identical to CR3 used in corresponding journal articles. A detailed 
description of each CR used herein can be found in Chapter 4. Ultimately, the goal was to create 
a set of curing regimes that could be standardized for a test method to capture thermo-mechanical 
























RA = 0.76 m
RB = 0.61 m





Table 3.20 Summary of curing regimes (CRs)  
CR CF Description CR CF Description 
CR1 I 7D in a MR; 7D in a 90°C HWB CR23 A 3D in PIR in 23B 
CR2 I 1D in a MR; 1D in a 50°C HWB CR24 C 3D in EPS in 32B 
CR3 I 1D in a MR; 1D in a 90°C HWB CR25 C 3D in EPS in 32O 
CR4 I 1D in a MR; 7D in a 50°C HWB CR26 C 3D in EPS in 50O 
CR5 I 1D in a MR; 7D in a 90°C HWB CR27 C 3D in EPS in 70O 
CR6 I 50-(0,1) VT profile CR28 C 3D in EPS with 70°C VT profile 
CR7 I 50-(0,2) VT profile CR29 C 3D in AH with 45°C VT profile 
CR8 I 50-(1,2) VT profile CR30 C 3D in AH with 62°C VT profile 
CR9 I 50-(1,3) VT profile CR31 C 3D in AH with 70-(0,1) VT profile 
CR10 I 70-(0,1) VT profile CR32 C 3D in AH with 85°C VT profile 
CR11 I 70-(0,2) VT profile CR33 C 3D in AH with 90°C VT profile 
CR12 I 70-(1,2) VT profile CR34 C 3D in AH with 90°C VT profile; 4D 23°C 
CR13 I 70-(1,3) VT profile CR35 C 5D in AH with 90°C VT profile; 2D 23°C 
CR14 I 90-(0,1) VT profile CR36 C 7D in AH with 90°C VT profile 
CR15 I 90-(0,2) VT profile CR37 C 3D in PIR with 90°C VT profile 
CR16 I 90-(1,2) VT profile CR38 C 3D in PIR with 90°C VT profile; 4D 23°C 
CR17 I 90-(1,3) VT profile CR39 C 5D in PIR with 90°C VT profile; 2D 23°C 
CR18 A 1D in XLPE in 23B CR40 C 7D in PIR with 90°C VT profile 
CR19 A 3D in XLPE in 23B CR41 N 1D in MR 
CR20 A 1D in EPS in 23B CR42 N 7D in MR 
CR21 A 3D in EPS in 23B CR43 N Ambient unconditioned environment 
CR22 A 3D in AH in 23B CR44 N Ambient outdoor environment 
CR – curing regime; CF – curing family; I – isothermal; A – adiabatic; C – combination; N – neither; MR – 23±2°C 
moist room; D – day(s); HWB – hot water bath; VT – variable temperature;  XXB – XX°C bath; XLPE – cross-
linked polyethylene block; EPS – expanded polystyrene block; AH – aluminum honeycomb block; PIR – 
polyisocyanurate block; XXO – XX°C oven; CR designations are consistent within this dissertation but not 
necessarily consistent with corresponding journal articles 
3.7 Mechanical Test Methods 
After curing, specimens allocated for mechanical testing were immediately tested. All 
mechanical property testing was performed at MSU on a Forney compression machine with a 600-
kip capacity.  
3.7.1 Grinding 
Prior to testing, specimens were ground with a Genec automatic concrete cylinder end 
grinder to obtain plane ends (Figure 3.8a). This grinder uses a rotating diamond grinder head with 
flowing water to prevent excess heat or dust. Ends were ground for approximately 120 seconds on 
each side to achieve a smooth testing surface (Figure 3.8b and 3.8c). A small number of specimens 
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were not completely set prior to testing and could not be ground. These specimens were tested 
with 70 durometer pad caps absent grinding (Figure 3.8d and 3.8e).  
 
Figure 3.8 Specimen Preparation: 
(a) Genec automatic concrete cylinder end grinder, specimen (b) before and (c) after grinding, 
(d) 10.2 by 20.3 cm concrete specimen and (e) 5.1 by 10.2 cm cement paste specimen in 70 
durometer pad caps 
 
3.7.2 Mechanical Testing 
Compressive strength of concrete (fc) and cement paste (fcp) testing was performed on 
specimens with ground ends (or occasionally pad caps) at a load rate of 241 kPa/s (35 psi/s) in 
accordance with ASTM C39 (Figure 3.9a). Elastic modulus (E) was measured in accordance to 
ASTM C469 using a linear-variable displacement transducer (LVDT) (Figure 3.9b). Specimens 
were loaded and unloaded 3 times, and E was found as the average slope of the second and third 
loading cycles. The first loading cycle was not used in determining E values per ASTM C469. 
Indirect tensile strength (St) was measured at a load rate of 22.8 kPa/s (3.3 psi/s) per ASTM C496 
(Figure 3.9c). Two wooden bearing strips were placed on the top and bottom to distribute the 








Figure 3.9 Mechanical testing:  
(a) compressive strength (fc), (b) elastic modulus (E) with LVDT, and (c) indirect tensile strength 
(St) 
3.8 Thermal Test Methods 
3.8.1 Temperature Data Loggers 
Temperature data collected in or around hydrating concrete specimens at MSU and ERDC 
was recorded using Pico Technology data loggers model TC-08 (Figure 3.10a). Each data logger 
had 8 input ports and was connected to a computer via USB. Using software provided by Pico, 
temperature was recorded every minute throughout the duration of testing. Temperature data 
collected at the OL was collected using a MadgeTech battery operated data logger model 
OctTemp2000 (Figure 3.10b) and Command Center Temperature Sensors (Figure 3.10c). The 
OctTemp2000 had 8 input ports as well as 8 ambient temperature sensors built into the data logger. 
Command Center Sensors were self-powered and stored data until removed by the user. 





Figure 3.10 Temperature Data Loggers:  
(a) Pico Technology TC-08, (b) OctTemp2000, (c) Command Center Sensors   
3.8.2 Thermal Analysis Methods 
Temperature-time profiles were plotted and four thermal points of interest (TPI) were 
calculated (Figure 3.11). The first and second TPIs were the maximum temperature the test 
specimen reached during testing (Tmax) and the time at which this maximum temperature occurs 
(tmax). The third TPI was the rate of increase from when hydration reactions began after a dormant 
period and the maximum temperature (Tincrease). The fourth TPI was the rate of decrease from the 
maximum temperature to equilibrium (Tdecrease). In some cases, the hydrating specimen did not 
reach equilibrium prior to the test ending. When this occurred Tdecrease was calculated until the end 





































STANDARDIZATION AND IMPLIMENTATION OF CURING REGIMES  
4.1 Overview 
Several curing regimes are reported in this dissertation and ranged in application from 
solely for mechanical property characterization, solely for thermal characterization, and 
combinations of thermal and mechanical property characterization. Curing regimes can be 
described by two metrics, whether they are insulating or non-insulating and whether they are 
forced or non-forced. A CR that is perfectly insulating and non-forced would be adiabatic while a 
CR that is perfectly non-insulating and forced would be isothermal. None of the CRs described 
herein are completely adiabatic or isothermal but fall somewhere on the spectrum of these 
properties. The CRs in this dissertation have been grouped into four families that keep CRs with 
generally the same curing properties together: isothermal (I), adiabatic (A), combination (C) and 
neither (N) (Figure 4.1).  Even within these families there is still a fair amount of curing property 
deviation. Each family of CRs is described in detail in the following sections along with CRs that 





Figure 4.1 Range of curing properties for four families of CRs used herein 
 
 
4.2 Introduction to Heat Transfer Concepts and Terminology 
Heat transfer in its purest form is thermal energy moving due to a spatial temperature 
difference (Bergman et al., 2017). Whenever there is a temperature difference, heat transfer must 
occur to reach an equilibrium state. For example, in a mass concrete placement, large thermal 
gradients occur due to internal heat generation. The existence of this gradient means that heat 
transfer is occurring in an attempt for the system to reach its natural state of equilibrium. There are 
several factors that can affect heat transfer such as size of the temperature differential as well as 












Thermal conductivity is the ability of a material to transfer heat. Every material has an 
associated thermal conductivity. Materials with a high thermal conductivity (e.g. copper, 
aluminum, silver, etc.) readily transfer heat from an object or take heat from its environment and 
are often referred to as conductors. Materials with a low thermal conductivity (e.g. concrete, home 
insulation, Styrofoam, etc.) do not transfer heat easily and are often referred to as insulators.  
The work in this dissertation looks at a variety of insulators. Insulators are often described 
in terms of their “R-value” or its thermal resistance per unit area. R-value is a function of both 
thermal conductivity and thickness of a material as seen in Equation 4.1 and is reported in m2∙K/W 
or hr∙ft2∙F/BTU. As R-value increases, the insulating ability of a material also increases.  
 






As an illustration, take a 1 meter thick piece of aluminum with a thermal conductivity of 
205 W/m∙K compared to a 0.01 meter thick piece of polyurethane with a thermal conductivity of 
0.02 W/ m∙K. Plugging these values into Equation 4.1 yields an R-value of 0.004 m2∙K/W for the 
aluminum and 0.5 m2∙K/W for the polyurethane. Even though the polyurethane was 100 times 
thinner than the aluminum, it is still over 100 times more insulating than the aluminum. Therefore, 
the R-value of an insulating material is a function of both its thickness and thermal conductivity.  
4.3 Isothermal Curing Regime Family 
The isothermal curing regime family includes 17 curing regimes that used programmed 
water and air to subject specimens to a specific temperature during curing. Two different types of 
curing environments were used in the isothermal curing family: constant temperature and variable 
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temperature. Five constant temperature (CT) CRs utilized a combination of moist room curing and 
water bath curing to keep specimens exposed to a constant temperature for a set duration of time. 
Twelve variable temperature (VT) CRs used programmed controllers to systematically raise/lower 
water temperature in a bath, which in turn raised/lowered air temperature around hydrating 
specimens and held it for a prescribed duration of time. As seen in Figure 4.2, these curing 
environments were all considered to be in the isothermal family of CRs, but they are considered 
to have different force/non-forced and insulated/non-insulated properties. 
 
Figure 4.2 Isothermal family of CRs 
 
 
4.3.2 Constant Temperature Forced Curing Regimes 
Five constant temperature (CT) curing regimes were used. These CRs used a 100% relative 
humidity moist room kept at 23±2°C in accordance with ASTM C192 (Figure 4.3a) and hot water 














TC to monitor water bath temperature and adjust the temperature of the water to maintain a 
constant temperature.   
 
Figure 4.3 Constant temperature curing:  
(a) 23±2°C, 100% humidity moist room and (b) hot water bath with hydrated lime 
 
CR1 cured specimens for 7 days in a 23±2°C, 100% humidity moist room. After 7 days, 
specimens were then placed in a 90°C hot water bath saturated with hydrated lime per ASTM C511 
(3 grams per liter of water was used). After 7 days in a hot water bath, specimens were removed 
and were ready for mechanical testing (Figure 4.4a). This was considered the baseline curing 
regime, and the four remaining CT curing regimes were variations of CR1. CR2 cured specimens 
for 1 day in a 23±2°C, 100% humidity curing room followed by 1 day in a 50°C hot water bath 
with hydrated lime. Specimens were then immediately removed after 1 day and tested for 
mechanical properties (Figure 4.4b). CR3 cured specimens for 1 day in a 23±2°C, 100% humidity 
curing room followed by 1 day in a 90°C hot water bath with hydrated lime. Specimens were then 
immediately removed after 1 day and tested for mechanical properties (Figure 4.4c). CR4 cured 
specimens for 1 day in a 23±2°C, 100% humidity curing room followed by 6 days in a 50°C hot 
water bath with hydrated lime. Specimens were then immediately removed after 6 days and tested 




humidity curing room followed by 6 days in a 90°C hot water bath with hydrated lime. Specimens 
were then immediately removed after 6 days and tested for mechanical properties (Figure 4.4e). 
 
Figure 4.4 Constant temperature (CT) curing time-temperature histories:  



















































































































4.3.3 Variable Temperature Forced Curing Regimes  
Twelve variable temperature (VT), forced curing regimes were used in this dissertation. 
VT curing used a Thermocure II Concrete Curing box equipped with a heat exchanger and 
refrigeration coil to increase or decrease the temperature to a set point (Figure 4.5a). This bath was 
modified to add a high temperature water pump (Figure 4.5b). A Watlow PM3R1CC controller 
(another off the shelf modification) was used to program VT ramp profiles using a series of steps 
to maintain or change the bath temperature over a specified duration of time (Figure 4.5c). As the 
programed ramp profiles changed the temperature of the water in the curing box, the air 
temperature also changed. Temperature measurements were recorded using type K TCs which 
were attached to a Pico Technology data logger where temperature was recorded every minute.  
 
Figure 4.5 Variable temperature (VT) curing:  








Three target maximum temperatures were selected for VT curing: 50°C, 70°C, and 90°C. 
Each of these target temperatures were used for four different ramp profiles that corresponded to 
two curing durations (1 and 2 days) and two curing start times (day 0 and day 1). VT curing profiles 
were identified using the nomenclature XX-(Y, Z) where XX refers to the target maximum 
temperature (i.e. 50°C, 70°C, or 90°C), Y refers to the day the thermal profile was activated (i.e. 
0 or 1), and Z refers to the day the thermal program began to return to room temperature (i.e. 1, 2, 
or 3). For ramp types (0, 1) and (0, 2) specimens were molded and immediately placed into the VT 
environment while ramp types (1, 2) and (1, 3) were stored in a 100% relative humidity moist 
room for 1 day prior to being placed into the VT environment. For example, 70-(1, 2) was a VT 
protocol where the target temperature was 70°C where specimens were placed into the VT 
environment one day after molding and cured for 1 day before returning to room temperature. 




































































































































































































































































































4.4 Adiabatic Curing Regime Family 
Development of adiabatic, non-forced curing environments (CEs) began with work 
documented in Sullivan (2012), Sullivan and Howard (2017), and Shannon (2015) which utilized 
expanded polystyrene (EPS) and cross-linked polyethylene (XLPE) blocks to cure 7.6 by 15.2 cm 
soil cement specimens and 5.1 by 10.2 cm cement paste (CP) specimens, respectively. Although 
these methods were overall successful, the EPS and XLPE used did not have operating 
temperatures high enough to be considered in a standard test method for some HSC applications. 
As such, different non-forced CEs were developed and evaluated with materials more suitable to 
be used in a standard test method for HSC. Some items were vetted in a desk review but were 
never purchased. An additional prototype was created but was not seen as a solution to create a 
standard test method. 
Four different types of insulation were used in this dissertation that fell into the adiabatic 
curing regime family: cross-linked polyethylene (XLPE), expanded polystyrene (EPS), aluminum 
honeycomb (AH), and polyisocyanurate (PIR). As seen in Figure 4.7, some of these materials were 
more insulating than others based on their geometries and R-values. All insulating materials used 
in the adiabatic CR family were used in an ambient 23°C environment where any heat generated 




Figure 4.7 Adiabatic family of CRs 
1.1.1 Desk Evaluation and Prototype Adiabatic Curing Environments 
Several items were vetted through desk evaluations to determine their usefulness. One item 
that was considered was a Yeti V Series Stainless Steel hard cooler. This cooler is made of two 
stainless steel walls with a vacuum layer between them. Since vacuums do not conduct heat, they 
are considered as ideal insulators. The inside of the cooler is made of rotationally molded plastic 
which had a recommended maximum operating temperature of 93°C (200°F). Therefore the cooler 
was ultimately not considered as a realistic solution since the maximum operating temperature was 
below the minimum temperature requirement set by the author of 120°C (250°F). 
Several types of insulations were also vetted as possible solutions. One option was a 
Superwool Plus blanket made my Lynn Manufacturing. It had a thickness of 3.8 cm (1.5 inches), 
a maximum operating temperature of 1200°C, and an R-value of 0.76 m2∙K/W. Ultimately, this 
insulation was not purchased since the R-value was identical to the EPS insulation, and higher R-
















Carr were also vetted. Even though they had a high R-value (3.52 m2∙K/W for a 15.9 cm thick 
strip), they did not have a known maximum operating temperature which was a prerequisite for 
any material considered as possible insulation.  
One prototype non-forced curing environment was created that utilized a 10-gallon steel 
drum with two different kinds of insulation. A 22.9 by 22.9 cm (9 by 9 inch) stand was built out 
of aluminum honeycomb pieces, metal brackets, and metal tape that raised specimens 7.6 cm (3 
inches) from the base of the steel drum (Figure 4.8b). Insulation was then filled underneath and 
around the aluminum stand to insulate the bottom (Figure 4.8c). Specimens were then placed on 
the aluminum stand, and insulation was placed around the specimens to fill all open space between 
the specimens and the steel drum (Figure 4.8d). Another 22.9 by 22.9 cm (9 by 9 inch) aluminum 
honeycomb plate was placed on top of the specimens to create a symmetric curing environment. 
5.1 cm (2 inches) of insulation was then placed above the top plate (Figure 4.8e). A steel lid with 
the rubber seal removed was then placed on the steel drum and screwed into place to create a sealed 
curing environment (Figure 4.8f). Four TCs were taped to the base plate using metal tape at the 
approximate center of each hydrating specimen (Figure 4.8g). A small hole was drilled 
approximately 3 inches from the base of the steel drum to allow TC wires to be run from the 
interior of the drum to the data loggers. A small piece of metal tape was used to tape over this hole 
to keep a sealed curing environment.  
Two different insulations were used in the steel drum: a loose fill insulation with a heat 
flow rate of 285 Joules (0.27 BTU) and density of 64 kg/m3 (4 lb/ft3) as well as 5.1 cm (2 inch) 
thick fiberglass insulation sheets with an R-value of 1.36 m2∙K/W (7.7 hr∙ft2∙F/BTU). Three 
different combinations of the insulation were used with the steel drum. The first insulation set up 
only used loose fill insulation on the inside of the steel drum (Figure 4.9a). The second insulation 
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set up used only fiberglass insulation sheets on the inside of the steel drum (Figure 4.9b). The third 
insulation set up used loose fill insulation as the interior insulation, and the exterior of the steel 
drum was wrapped in fiberglass insulation sheets (Figure 4.9c). The steel drum was ultimately 








Figure 4.8 Steel drum curing environment:  
(a) schematic of steel drum curing environment, (b) aluminum stand, (c) stand and insulation in 
steel drum, (d) specimens on stand with loose fill insulation, (e) top aluminum plate, (f) complete 

































Figure 4.9 Variations of insulation in steel drum:  
(a) loose fill only, (b) fiberglass sheets only, (c) loose fill and fiberglass sheets 
 
4.4.2 Cross-Linked Polyethylene (XLPE) Insulating Block 
The first insulating material used in the adiabatic curing regime family was cross-linked 
polyethylene (XLPE) with an approximate R-value of 0.56 m2∙K/W (3.2 hr∙ft2∙F/BTU) and a 
density of 48 kg/m3 (3 pcf). This block was used to test eight 5.1 by 10.2 cm (2 by 4 inch) cement 
paste specimens and was previously used in Shannon (2015) (Figure 4.10a). Slots were drilled into 
the top layer of XLPE so the bottom quarter of specimens would be covered by insulation. Type 
K TCs were placed at the bottom of each of these slots to measure external temperature of each 
specimen (Figure 4.10b). This block is referred to as a quarter insulating block (QIB) as it only 
covered the bottom quarter of each specimen (Figure 4.10c). Two CRs used XLPE blocks. CR18 
cured specimens for 1 day in the XLPE block in a constant 23°C environment while CR19 cured 







Figure 4.10 5.1 by 10.2 cm cross linked polyethylene (XLPE) block: 
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4.4.3 Expanded Polystyrene (EPS) Insulating Blocks 
The second insulating material used in the adiabatic CR family was expanded polystyrene 
(EPS). Two different blocks were designed from EPS foam blocks. One block was made to hold 
eight 7.6 by 15.2 cm (3 by 6 inch) cement paste cylinders and was used in previous work by 
Sullivan (2012), Sullivan and Howard (2017), and Carey (2019) (Figure 4.11a). A second block 
was made that held six 10.2 by 20.3 cm (4 by 8 inch) concrete specimens (Figure 4.11b). EPS used 
in both block designs had an approximate R-value of 0.77 m2∙K/W (4.35 hr∙ft2∙F/BTU) and a 
density of 32 kg/m3 (2 pcf) (Figure 4.11c). Slots were drilled into each block to hold specimens in 
place and keep a set amount of insulation between each specimen (Figure 4.11d). At the bottom of 
each slot a type K thermocouple (TC) was taped in place using a fender washer and metal tape to 
measure external temperature at the bottom of each hydrating specimen (Figures 4.11e, 4.11f, 
4.11g). A small experiment was conducted where TCs were placed inside a hydrating specimen, 
at the bottom of a hydrating specimen, and on the inside on the EPS slot touching the exterior of 
the specimen mold. The difference between the maximum temperatures at these 3 places was 
0.11°C, indicating that the external temperature taken at the bottom of each hydrating cylinder is 
an accurate representation of the peak temperature. The bottom and middle pieces of EPS were 
attached using carriage bolts, washers, and wing nuts (Figure 4.11h). This allowed for the block to 
be taken apart to replace TCs easily. The lid was not permanently attached to the block but could 
be placed and removed easily to facilitate putting specimens into and pulling specimens from the 
block. The outside of each block was taped with aluminum tape to increase durability. EPS blocks 
are referred to as “fully insulating blocks”, or FIB, since the entire specimen was covered. EPS 
blocks were used in 2 CRs in the adiabatic family of curing regimes, CR20 and CR21. These CRs 
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placed the EPS blocks in a 23°C temperature-controlled environment and let specimens hydrate 
for 1 and 3 days respectively.  
The list of materials needed to build each of these blocks and an approximate price for each 
item is given below in Table 4.1. The 7.6 by 15.2 cm EPS block were first used for work associated 
with Sullivan (2012) and as such have an estimated cost whereas the 10.2 by 20.3 cm EPS block 



























Figure 4.11 Fully insulating expanded polystyrene (EPS) block:   
(a) 7.6 by 15.2 cm specimen block schematic (b) 10.2 by 20.3 cm specimen block schematic, (c) 
EPS pieces, (d) slots cut into EPS, (e) top and (f) bottom of external TC sensor, (g) TC layout, 






























































































Table 4.1 Materials for EPS blocks 
Material 
10.2 by 20.3 cm Block 7.6 by 15.2 cm Block 
Quantity and Description Cost Quantity and Description Cost 
EPS Blocks 
1 – 20.3 by 58.4 by 40.6 cm 
2 – 5.1 by 58.4 by 40.6 cm 
$ 300 
1 - 15 by 38 by 66 cm 
2 - 5 by 38 by 66 cm 
$300 
Hardware 
6 carriage bolts – 0.64 by 25.4 cm 
12 flat washer – 1.11 cm 
6 wing nuts – 0.64 cm 
6 fender washers – 0.79 by 4.13 cm 
$ 50 
6 carriage bolts - 0.64 by 20.32 cm 
12 flat washers – 1.11 cm  
6 wing nuts – 0.64 cm 
8 fender washers – 0.79 by 4.13 cm 
$ 50 
Tape 
Metal tape – 1”, 2”, 3” thickness 
 Clear packing tape 
$ 40 
Metal tape – 1”, 2”, 3” thickness 
 Clear packing tape 
$ 40 
Data Logger Pico Technology model TC-08 $ 400 Pico Technology model TC-08 $400 
Thermocouples 
6 - Type K PTFE insulated, exposed 
tip, 1m long 
$ 60 
8 - Type K PTFE insulated, exposed 
tip, 1m long 
$80 
Computer 
1 – runs PicoLog Recorder software 
for data collection 
$400 
1 – runs PicoLog Recorder software 
for data collection 
$400 





4.4.4 Aluminum Honeycomb (AH) Insulating Block 
A third insulating block was made of aluminum honeycomb (AH) panels that 
formed a small box to encase four specimens (Figure 4.12a). The AH panels were 2.54 cm 
(1 inch) thick aluminum honeycomb panels with an estimated R-value of 0.005 m2∙K/W 
(0.028 hr∙ft2∙F/BTU) (Figure 4.12b). A 30.5 by 30.5 cm (12 by 12 inch) top and bottom 
plate were cut and the edges were taped with metal tape to cover the sharp exposed edges. 
The top and bottom plates were cut to be slightly larger than the side pieces to facilitate 
easy removal of the lid and an easier way to carry the block. Two 22.9 by 22.9 cm (9 by 9 
inch) pieces and two 22.9 cm by 27.9 cm (9 by 11 inch) pieces were cut and used as side 
pieces. Side pieces were attached to each other using small screws and metal brackets and 
all sides were then attached to the base plate using metal brackets. After attaching the sides 
and base plates, all exposed edges were taped with metal tape to cover sharp edges (Figure 
4.12c).  
The interior of the block was a 22.9 by 22.9 by 21.6 cm (9 by 9 by 8.5 inch) box 
that held four hydrating concrete specimens (Figure 4.12d). Eight TCs were attached to 
interior of the block with metal tape to monitor temperature changes due to hydration of 
the specimens. Four TCs were taped to the bottom plate of the box at the approximate 
center of each specimen. One additional TC was taped to each face of the interior box 
(Figure 4.12e). A small notch was cut into the top corner of the box for thermocouples to 
exit the box (Figure 4.12f). These eight temperature measurements were averaged together 
to give a composite temperature profile for the specimens in the box. A list of materials 
needed to build this block is given below in Table 4.2 along with approximate price of 
materials. These prices are based on cost of materials when this block was originally built 
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in July 2020. This block was used for CR22 in which it was placed in a constant 23°C 
temperature environment for 3 days.  
Table 4.2 Materials for aluminum honeycomb (AH) insulating block 
Material Quantity and Description TmaxOP Cost 
Aluminum Honeycomb 
Plates 
2 – 30.5 by 30.5 cm plates 
2 – 22.9 by 22.9 cm plates 
2 – 22.9 by 27.9 cm plates 
660°C $ 60A 
Metal Tape 
3 – 1 inch thick rolls 
3 – 2 inch thick rolls 
162°C $ 30 
Hardware 
25 – Metal brackets 
100 – Small screws 
--- $ 50 
Data Logger Pico Technology model TC-08 --- $ 400 
Thermocouples 
8 - Type K PTFE insulated, 
exposed tip, 1m long 
250°C $ 80 
Computer 
1 – runs PicoLog Recorder 
software for data collection 
---- $ 400 
TOTAL $ 1,020 
Note: TmaxOP is maximum operating temperature; 
A Listed cost is for an equivalent 















Figure 4.12  Aluminum honeycomb (AH) block: 
(a) schematic block, (b) aluminum honeycomb, (c) completed aluminum block, (d) view 
of internal space with four hydrating specimens, (e) thermocouple arrangement, and (f) 






Note: all dimensions given in centimeters
TOP VIEW WITHOUT LID






















Top and bottom plate of honeycomb insulation
Honeycomb insulation side wall



















4.4.5 Polyisocyanurate (PIR) Block 
A fourth insulating block was made of polyisocyanurate (PIR) foam. PIR is similar 
to polyurethane but has a wider range of service temperatures. PIR boards are a thermoset 
plastic and will char when exposed to fire so they are commonly used on construction 
projects. A fully insulating block, similar to the design of the EPS blocks, was designed to 
fit four 10.2 by 20.3 cm (4 by 8 inch) concrete specimens (Figure 4.13a). The PIR used in 
these blocks was ELFOAM P200 supplied by Elliot Company and had an R-value of 1.06 
m2∙K/W (6 hr∙ft2∙F/BTU) and a density of 32 kg/m3 (2 pcf) (Figure 4.13b). Slots were 
drilled into the block with a pavement core bit to hold each specimen (Figure 4.13c). At 
the bottom of each slot a type K thermocouple (TC) was placed using a washer and metal 
tape to measure external temperature at the bottom of each hydrating specimen identical to 
what was used in EPS blocks (Figures 4.13d). The bottom and middle piece of the block 
were attached using carriage blots, washers, and wing nuts (Figure 4.13e). The top of the 
block was not attached permanently but was used as a lid that is placed on top during testing 
(Figure 4.13f). The PIR block was used in CR23 where it was placed in a non-forced, 23°C 







Figure 4.13 Polyisocyanurate (PIR) block:  
(a) schematic, (b) ELFOAM P200 foam boards, (c) drilling slots for cylinders, (d) TC 
arrangement, (e) bottom and middle blocks held together, (f) finished block with 























7.6 10.2 6.46.4 10.2
Note: all dimensions given in centimeters
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Table 4.3 Materials for polyisocyanurate (PIR) block 
Material Quantity and Description TmaxOP Cost 
PIR Foam  
1 –20.3 by 40.6 by 40.6 cm piece 
2 – 5.1 by 40.6 by 40.6 cm pieces 
149°C $255 
Metal Tape 
3 – 1 inch thick rolls 
3 – 2 inch thick rolls 
162°C $ 30 
Hardware 
4 carriage bolts – 0.64 by 25.4 cm 
8 flat washers – 11.1 cm 
4 wing nuts – 0.64 cm 
4 fender washers – 0.79 by 4.13 cm 
--- $ 50 
Data Logger Pico Technology model TC-08 --- $ 400 
Thermocouples 
4 - Type K PTFE insulated, exposed tip, 
1m long 
250°C $ 40 
Computer 
1 – runs PicoLog Recorder software for 
data collection 
---- $ 400 
TOTAL $ 1,175 
TmaxOP – maximum operating temperature 
Compared to EPS, PIR insulation increased the average maximum temperature by 
5°C for identical mixtures cured in identical ambient environments (Figure 4.14). Using 
ANOVA testing, maximum temperature (Tmax) reached for each set of specimens was 
significantly different with a p-value to <0.01. Time to peak temperature (tmax) varied by 
0.6 hours was not found to be significantly different (p-value of 0.15). Rate of temperature 
increase (Tincrease) was also not found to be significantly different (p-value of 0.07). Rate of 
temperature decrease (Tdecrease) was found to be significantly different (p-value of <0.01) 






Figure 4.14 Comparison of time-temperature profiles of hydrating specimens cured in 
polyisocyanurate (PIR) and expanded polystyrene (EPS) blocks in identical 
23°C ambient conditions 
 
4.5 Combination Curing Regime Family 
 Combinations of forced curing environments and insulating blocks was used to 
replicate temperature profiles in modest to mass structures. Four different combinations of 
forced curing environment and insulating blocks were used: 1) an EPS block sized for 10.2 
by 20.3 cm specimens in a draft convection, 2) an EPS block sized for 10.2 by 20.3 cm 
specimens in a programmed VT bath, 3) an AH block in a programmed VT bath, and 4) a 
polyisocyanurate (PIR) block in a programmed VT bath. As seen in Figure 4.15 this 
























Figure 4.15 Combination family of CRs 
 
4.5.2 Expanded Polystyrene (EPS) Block in Convection Oven 
An EPS block was placed into a forced draft convection oven at a range of 
temperatures to create a mass placement temperature profile. Once specimens were 
molded, they were immediately placed into an EPS block and then the block was placed 
into the oven (Figure 4.16). The oven was then turned on and heated to the set temperature 
of the test and then held at this temperature for the duration of testing. Three CRs used a 
combination of EPS blocks and oven curing: CR25 cured specimens for 3 days in an EPS 
block while in a 32°C oven, CR26 cured specimens for 3 days in an EPS block while in a 






















Figure 4.16 EPS block in oven:  
(a) oven doors open, (b) oven doors closed 
 
 
Figure 4.17 Curing environment temperature profiles during (a) CR25, (b) CR26, and 
(c) CR27 
  
4.5.3 Expanded Polystyrene (EPS) block in Variable Temperature (VT) Bath 
An EPS block was used in the VT curing environment to see how a material with a 
respectable R-value (0.77 m2∙K/W) would influence temperature profiles of hydrating 
specimens. Two VT profiles were chosen: 32°C for a comparison to the oven (CR24) and 











































































CR24 cured specimens in a constant 32°C VT environment. CR28 started with a dormant 
period at 23°C for 10 hours followed by ramping the temperature to 70°C in 6 hours. The 
profile was then held at 70°C for 4 hours and then cooled back to 23°C over 48 hours 
(Figure 4.18). 
 
Figure 4.18 VT profiles used in CR24 and CR28 
 
Tests conducted in the VT bath at 32°C (CR24) were compared to tests conducted 
in the convection oven at 32°C (CR25) to determine if there were any significant 
differences between the two boundary conditions (Figure 4.19). Using analysis of variance 
(ANOVA) testing, there were no significant differences between the maximum 
temperature of the concrete mixtures in the concrete curing box (65.1°C) and the oven 
(66.1°C) with a p-value of 0.23. There was a lag in the time and rate of temperature increase 
to peak temperature for the curing box (17.1 hours; 3.61 °C/hour) compared to the oven 
(15.4 hours; 3.85 °C/hour). ANOVA testing revealed the difference in time to peak 

























































Figure 4.19 Comparison of time-temperature histories for specimens in an EPS block 
when cured in a 32°C VT and oven 
 
Specimens cured in the 70°C VT bath (CR28) were also compared to specimens 
cured in EPS blocks in the 70°C convection oven (CR27). As seen in Figure 4.20, the 
difference in shape between the convection oven and the VT profiles were significant. 
Since the oven was not programmed, it did not produce temperature curves that more 
closely resembled mass structures in shape.  
 
Figure 4.20 Comparison of time-temperature history for specimens cured in a 70°C 








































4.5.4 Aluminum Honeycomb (AH) Block in Variable Temperature (VT) Bath 
An AH block was placed into the VT curing environment, and several programed 
temperature profiles were used to replicate temperature profiles common to modest to mass 
sized placements. Once specimens were molded they were immediately placed into the 
aluminum block and then a VT ramp profile was started. Specimens underwent a VT curing 
profile and then were kept in a controlled environment in the AH block until testing at 3 
days. Eight CRs used a combination of AH block and VT curing. These VT profiles were 
similar in nature and can be easily defined using seven variables (Figure 4.21). An initial 
temperature (TD) is defined and held constant through a dormant period (tD1). After the 
dormant period, the temperature profile was raised to a peak temperature (TP) in a set 
amount of time (tS1). This peak temperature was held for a specific duration of time (tP) 
and then decreased the initial temperature over a set duration of time (tS2). The temperature 
profile was then held at TD for the remainder of testing (tD2). These seven variables are 
defined for each AH block and VT curing protocol in Table 4.4. Visual representation of 
these eight CRs that utilize AH blocks and VT curing are also provided in Figure 4.22. 
 















tD1 tS1 tS2 tD2tP
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CR29 (a) 30 6 5 45 4 15 42 
CR30 (b) 30 10 11 62 4 36 11 
CR31 (c) 23 0 6 70 24 4 38 
CR32 (d) 23 10 6 85 4 24 28 
CR33 (e) 23 6 6 90 4 48 8 
CR34 (f) 23 6 6 90 4 48 104 
CR35 (g) 23 6 6 90 4 100 52 








































































































































































































4.5.5 Polyisocyanurate (PIR) Block in Variable Temperature (VT) Bath 
PIR blocks were used with four different VT curing combinations shown in Table 
4.5. Since the operating temperature of PIR is meaningfully higher than EPS, an insulating 
block with a high R-value was able to be used with high temperature VT curing profiles. 
The same seven variables were used to define VT profiles for PIR blocks as were used with 
AH blocks. Visual representations of these VT curing regimes are shown in Figure 4.23. 



















CR37 (a) 23 6 6 90 4 48 8 
CR38 (b) 23 6 6 90 4 48 104 
CR39 (c) 23 6 6 90 4 100 52 
CR40 (d) 23 6 6 90 4 148 4 
 
 











































































































4.6 Neither Curing Regime Family 
A group of five CRs were considered to be neither isothermal nor adiabatic. Four 
of these CRs were room temperature curing regimes that allowed specimens to hydrate in 
ambient temperatures without forcing them to a certain temperature but provided no 
insulation to retain hydration heat. One CR subjected hydrating specimens to daily outdoor 
temperature fluctuations. These CRs were all generally located in the center of the curing 
properties plot as shown in Figure 4.24.  
 






















1.1.1 Moist Curing Room 
A moist curing room kept at 23±2°C with a relative humidity level of 100% per 
ASTM C192. An AquaZone curing room fan was used to circulate air and keep a relative 
humidity level of 100%. The temperature of the moist curing room was monitored for the 
duration of this study (Figure 4.25). Temperatures were up to 0.5°C outside of the 
allowable tolerance for 142 hours over the 3 year period of this study (i.e. 0.5% of the 
time). CR41 and CR42 cured hydrating specimens in the moist curing room for 1 and 7 
days respectively.  
 
Figure 4.25 Average moist room temperature data from May 2017 to August 2020 
  
4.6.2 Unconditioned and Outdoor Curing Environments 
As discussed in Chapter 3, several thermal experiments were conducted where 
curing occurred in ambient environments. TCs were used to measure the ambient 


































In Tolerance per ASTM C192
n = 23,073 
Mean = 23.0 C




cured specimens in an ambient, unconditioned environment with little to no air flow. OL 
thermal conditions followed CR44 in which specimens were cured in an ambient, outdoor 
environment subject to daily temperature fluctuations. 
4.6.2.1 Unconditioned Thermal Conditions at MSU 
All thermal testing at MSU occurred in an ambient, unconditioned space with little 
to no airflow (CR43). Six sets of experiments were conducted in this environment, and the 
range of thermal conditions are shown below in Figure 4.26 as the shaded maroon area. 
The hottest ambient conditions were experienced by STCs of UHPC4 while the lowest 
ambient conditions were experienced by the 10 and 20 cm PSCu of UHPC1. The average 
maximum temperature was 28.0°C and the average minimum temperature was 26.1°C. 
 





















4.6.2.2 Unconditioned Thermal Conditions at ERDC 
Thermal testing at ERDC occurred in an ambient, unconditioned space with little 
to no airflow (CR43). Four tests were conducted in this environment. The range of thermal 
conditions are shown below in Figure 4.27 as the shaded maroon area. . The hottest ambient 
conditions were experienced by the 40 cm PSCu of UHPC1 while the lowest ambient 
conditions were experienced by the PSCu and PSCy placements of UHPC5. The average 
maximum temperature was 26.6°C and the average minimum temperature was 25.8°C. 
 
Figure 4.27 Range of ambient conditions during thermal experiments conducted at 
ERDC 
 
4.6.2.3 Outdoor Thermal Conditions at OL 
All thermal testing at OL occurred in an outdoor space with no control over external 
conditions (CR44). Although the three tests conducted at OL were within 7 meters of each 





















temperatures were averaged to produce a composite ambient temperature profile (Figure 
4.28). 
 























MODELING CONVECTION BOUNDARY CONDITIONS FOR ULTRA-HIGH 
PERFORMANCE CONCRETE IN CYLINDRICAL COLUMNS 
This chapter has been published as a peer reviewed journal article in ACI Materials Journal (Carey 
et al., 2020b). The original publication can be accessed at 
https://www.doi.org/10.14359/51724595. This paper has been reformatted and reproduced herein 
with minor modifications to suit the objectives of this dissertation.  
5.1 Introduction  
UHPC mechanical properties have been shown to vary widely as a function of curing 
temperature. A better method to model boundary conditions and the resulting thermodynamic 
effects on mass UHPC structures could lead to improved in-place mechanical property predictions 
and construction formwork decision making. The numerical method presented in this chapter 
helped further understand thermal convection characteristics and improve modeling of convection 
heat transfer coefficients of mass UHPC placements where boundary conditions vary. This 
numerical model was calibrated using thermal data from UHPC1 standard testing cylinders 
(STCs). 
5.2 Analytical Modeling 
Thermodynamic models for conduction and convection were created for Python simulation 
software to determine temperature profiles within cylinders of varying sizes and boundary 
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conditions and were validated against experimental data sets. Experimental data comparison 
allowed for refinement of model parameters, such as thermal conductivity (k), specific heat (cp), 
density (ρ), convection heat transfer coefficient (h) as well as various surface parameters and 
provided evidence that modeling efforts accurately predicted thermal gradients.  
Models were implemented in Python using a finite difference approach to approximate 
derivatives. To run each simulation, an explicit solution for temperature, as a function of radial 
location and time, was developed in Python using equations presented in this section. For all 
simulations, a mesh size of 0.00254 meters (0.1 inches) was used with a time step of 3 seconds. 
5.2.1 Conduction Modeling 
The conduction model was for a transient, UHPC cylinder where a majority of the heat 
transfer is assumed to be in the radial direction (i.e. cylinder top and bottom will be approximately 
the same temperature). Radial conduction in a cylinder is governed by the energy equation 
(Equation 5.1) which uses Fourier’s Law and accounts for heat generation from hydration heat 
(Bergman et al., 2017; Bejan, 2004) where r is radius, k is thermal conductivity, T is temperature, 
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Density (ρ) was experimentally found as 2520 kg/m3 (Carey et al., 2020a). Values for 
thermal conductivity (k) and specific heat (cp) were approximated as 2.3 W/m‧K and 1100 J/kg‧K 
respectively (Di Luzio and Cusatis, 2009b). Thermal conductivity, density, and specific heat 
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were assumed as constant values; therefore, Equation 5.1 can be further reduced to Equation 5.2 
























 Heat generation (?̇?) was determined using an Arrhenius type model similar to those 
outlined by Di Luzio and Cusatis (2009a), Ulm and Coussy (1995), and Cervera et al. (1999). Heat 
generation was modeled using relationships defined by Di Luzio and Cusatis (2009a); while, 
hydration degree, α, was modeled as a function of temperature and time (Ulm and Coussy, 1995; 
Cervera et al., 1999). Equations representing maturity (Equation 5.3), hydration degree (Equation 
5.4), affinity (Equation 5.5), hydration degree rate (Equation 5.6), and subsequent heat generation 
due to cement hydration (Equation 5.7) are as follows: 
 






) ∙ t 
(5.3) 
 
α(t) = 1 − e−μ(t) 
(5.4) 
 
A(t) = Ac1 ∙ (
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Where μ(t) is UHPC maturity relationship, Eac is cement hydration activation energy, R is 
universal gas constant, Tref is a reference temperature (-10 C), t is time, α is hydration degree, A 
is affinity of the reaction, αc
∞ is asymptotic degree of hydration, Q̇ is rate of heat generated (per 
unit volume) due to cement hydration, c is cement mass content, and Qc
∞ is latent heat of reaction 
per unit hydrated mass. Κ, Ac1, Ac2, and η are constants calibrated through experimental 
comparison. Cement hydration activation energy divided by universal gas constant (Eac/R) was 
7000 K which was consistent with ranges found in literature (Di Luzio and Cusatis, 2009a). The 
asymptotic degree of hydration was calculated to be 0.485 using Equations 5.8, 5.9, and 5.10 (Di 
Luzio and Cusatis, 2009a) and given batching quantities for UHPC1 (Table 3.7). 
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∞ is the asymptotic value for the degree of silica fume reaction; s, c, and w are 
mass quantities of silica fume, class H cement, and water, respectively; and s/creq is the minimum 
required ratio for the silica fume reaction to consume all calcium hydroxide. Latent heat of 
reaction is assumed to be 550 kJ/kg, consistent with literature (Di Luzio and Cusatis, 2009a). 
Values for Κ, Ac1, Ac2, and η were updated for each group of experiments due to small batch to 
batch variabilities, and are shown in Table 5.1. Heat generation due to silica fume reaction was 
modeled in a similar fashion and found to be negligible. 
Table 5.1 Calibrated heat generation constants 
Parameter SE 
Κ 680 ‧ 103  
Ac1 (hr
-1) 293 ‧ 107 




5.2.2 Heat Transfer Coefficient Modeling 
Implementation of Equation 5.2 requires two boundary conditions and one intial condition. 
The two boundary conditions modeled were: 1) maximum temperature should occur along the 
centerline where the radius is equal to zero (Equation 5.11), and 2) the surface of the cylinder 
insulation was exposed to combined convective and radiative heat transfer (Equations 5.12 and 
5.13). The initial condition of the cylinder was that the cylinder was considered at a uniform, initial 
temperature. This initial temperature, Tini, was experimentally determined to be 300.9 Kelvin, and 



































T(r, t = 0) = Tini 
(5.14) 
 
 Where thtot is the radius of the specimen plus the thickness of the insulating material, h 
is convection heat transfer coefficient, Ts is surface temperature, Tini is average initial temperature 
of the concrete, T∞ is average ambient air temperature, εins is emissivity of the insulation material, 
and 𝜎 is the Stefan-Boltzmann constant.  
To determine the heat transfer coefficient, h, free convection average Nusselt number 
correlations for vertical cylinders were taken from Bejan (2004) for the cylinders with diameter-
to-height ratio of 1:2. The Rayleigh number, which is a function of surface temperature and 
therefore changes as a function of time, is presented in Equation 5.15. The Nusselt number 
correlation for 1:2 ratio cylinders (NuH) presented in Equation 5.16 was used in this numerical 

















7 ∙ RaH ∙ Pr










Where RaH is the Rayleigh number based on height, βair is the volumetric thermal 
expansion coefficient of air, αair is the thermal diffusivity of air, νair is the viscosity of air, Pr is the 
Prandtl number of the fluid (air), and H and D are the height and diameter of the cylinder.  
5.3 Results and Discussion 
For the seven specimens produced, a temperature-time history was produced in Python for 
each cylinder. A comparison of recorded experimental data and simulations are shown in Figure 
5.1. Maximum temperatures attained in the numerical model at the center, half-radius, and surface 
using the correlation defined in Equation 5.15 are compared to various constant heat transfer 
coefficient values (Table 5.2). Error is also reported in Table 5.2 as the percent difference between 
the maximum temperature predicted in each simulation and the maximum temperature recorded 
in experimental testing. The maximum error recorded in the standard testing cylinders (STCs) were 
0.06% at the surface of the 7.6 by 15.2 cm specimen, 0.40% at the center of the 10.2 by 20.3 cm 
specimen, and 0.64% at the center of the 15.2 by 30.5 cm specimen. Some numerical models found 
in literature produced maximum temperatures that differed up to 5°C from experimental data 
recorded (Cervera et al., 2002; Kurikose et al., 2015). Thus, the numerical model was found to be 
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in good agreement with experimental data and an improvement of some numerical models found 
in literature.  
 
Figure 5.1 Comparison of (a) experimental and (b) simulation of 7.6 cm by 15.2 cm STC, (c) 
experimental and (d) simulation of 10.2 by 20.3 cm STC, and (e) experimental and 



















































































Eq. 5.15  
h value 























Center 31.2 0.4 31.2 0.0 29.4 -5.7 29.8 -4.3 30.7 -1.6 31.7 1.8 
Half 31.1 0.2 31.1 0.0 29.3 -5.7 29.8 -4.2 30.6 -1.6 31.7 1.8 
Surface 30.8 0.3 30.8 0.1 29.1 -5.7 29.5 -4.2 30.4 -1.5 31.4 2.0 
10.2 by 
20.3 cm 
Center 32.9 0.6 32.8 -0.4 30.4 -7.6 31.0 -5.8 32.1 -2.5 33.5 1.7 
Half 32.7 0.4 32.6 -0.1 30.3 -7.3 30.9 -5.5 32.0 -2.2 33.3 2.1 
Surface 32.1 0.7 32.2 0.4 29.9 -6.9 30.5 -5.1 31.5 -1.8 32.9 2.5 
15.2 by 
30.5 cm 
Center 37.3 0.3 37.5 0.6 33.5 -10.2 34.5 -7.6 36.3 -2.7 38.7 3.8 
Half 37.0 1.0 37.2 0.5 33.2 -10.4 34.1 -7.8 36.0 -2.9 38.4 3.7 





 As seen in Figure 5.1(a), 5.1(c), and 5.1(e) there is a dormant period prior to hydration due 
to a lack of C3A in the Class H cement used in UHPC1 whereas the numerical model, Figure 
5.1(b), 5.1(d), and 5.1(f), was programed to start modeling hydration immediately with no dormant 
period. An additional source of error in modeling the time scale was heat generation. Calorimetry 
data from a different blend of UHPC studied in Kodur et al. (2016) was used as heat generation 
input. The experimental and numerical results were plotted together for each cylinder (Figure 5.2) 
which shows the time scale discrepancies. However, for this analysis that was focused on 
examining boundary conditions and boundary model effects, these effects of time scale on heat 
generation were considered negligible.  The intent of this study was to highlight the effectiveness 
of using appropriate, time and temperature dependent correlations to determine convection heat 
transfer coefficients.  
 Using the Nusselt number correlation (Equation 5.15), a convection coefficient was 
determined at each time step of the numerical model for each cylinder size (Figure 5.3). Constant 
h values commonly used in literature were compared to the h value calculated herein as a function 
of time and consistently over predicted convection performance (Table 5.2).  The average values 
of the convection coefficient calculated herein as a function of time, 2.2 W/ m2·K, produced closer 
predictions, but convection performance was under predicted in all cases and showed errors greater 
than 1%. This analysis proves that choosing the correct correlation can noticeably reduce error 







Figure 5.2 Comparison of experimental and simulation results at the center for (a) 7.6 by 15.2 






The measured temperatures in Table 5.2 are the average of temperatures collected from 
several TCs in the same radial position, but different vertical positions. A sample standard 
deviation was calculated at each time step to determine the deviation in temperature readings at 
each radial position. The maximum measure sample standard deviation, Smax, of each radial 
distance was also reported in Table 5.2 for comparing numerical and experimental results. The 
maximum standard deviation was less than 1°C in all cases. 
For natural convection in ambient, unconditioned environments with little to no air flow, 
it is evident that typically assumed constant values for convection heat transfer coefficient (i.e. 10, 
7.5, and 4.5 W/m2·K) over predicted convection performance. When using the average value of 
the convection coefficient calculated herein (i.e. 2.2 W/m2·K) predictions were better, but 
convection performance was still under predicted in all cases and showed errors greater than 1%. 
This analysis proved that choosing the correct correlation can noticeably reduce error from 
convection coefficient determination, particularly in regard to applications of similar geometries.  
5.4  Conclusions 
As seen in this chapter, using an appropriate Nusselt number correlation for convection 
modeling noticeably reduced modeling error for well-studied geometries (i.e. 1:2 ratio cylinders) 
with robust correlations available compared to using constant values as is commonly seen in 
literature. Thus, it can be said that for well-studied geometries with robust Nusselt number 
correlations, it is worthwhile to use the correlation to calculate convection coefficient at each time 
step and temperature value when numerically modeling convection boundary conditions. From all 
cases, however, it is evident that careful consideration should be given to any convection 
coefficient determination, as typical estimations for constant convection values can easily 




EFFECTS OF SILICA FUME SOURCE ON MECHANICAL PROPERTIES OF  
ULTRA-HIGH PERFORMANCE CONCRETE 
This chapter is currently in review with a peer reviewed journal. This paper has been reformatted 
and reproduced herein with minor modifications to better suit the objectives of this dissertation.  
6.1 Introduction 
Previous research has shown that UHPC mechanical properties are influenced by curing 
environment as well as material selection. Based on literature presented earlier in this dissertation, 
there has been research on the effects of silica fume replacement percentage on UHPC mechanical 
properties; however, the effects of silica fume source have not been thoroughly investigated. In 
this chapter, a systematic investigation is documented that tested UHPC specimens with four 
different silica fumes under a range of curing conditions in the adiabatic, isothermal, and neither 
curing regime families. These specimens underwent mechanical testing where conclusions were 
drawn on the effects of silica fume source on mechanical properties. Understanding the effects of 
changing silica fume source on mechanical properties can help inform decisions such as material 
selection, formwork, durability characteristics, and construction scheduling.  
6.2 Abbreviated Experimental Program 
Four UHPC mixtures (UHPC1, UHPC2, UHPC3, and UHPC4) and four cement paste (CP) 
mixtures (CP-U1, CP-U2, CP-U3, CP-U4) are the focus of this chapter. These four mixtures only 
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varied in silica fume source and admixture dosage rate. Admixture dosage rates were chosen to 
yield the same amount of workability for each mixture and were previously reported in Table 3.6 
for UHPC mixtures and Table 3.7 for CP mixtures. A standard w/cm ratio of 0.15 was used for the 
majority of the mixtures; however, a small set of UHPC experiments reported in this chapter used 
w/cm ratios of 0.125, 0.15, 0.175, and 0.20. Admixture amounts are reported for these different 
w/cm ratios different admixture ratios in Table 6.1. 
Table 6.1 Varying w/cm ratios and corresponding admixture dosages per 1 m3 of UHPC  
w/cm ratio UHPC1 UHPC2 UHPC3 UHPC4 
0.125 20.9 L 7.3 L 6.3 L 9.6 L 
0.15 12.6 L 3.8 L 5.0 L 7.5 L 
0.175 6.3 L 2.0 L 2.5 L 3.8 L 
0.20 3.0 L 1.0 L 1.3 L 1.8 L 
  
 A total of 11 curing regimes (CRs) from three different families of CRs were used in this 
chapter. As shown in Table 6.2, not all CRs were used for each mixture. Seven CRs were 
isothermal, four CRs were adiabatic, and two CRs were neither. Isothermal curing regimes used 
different combinations of hot water curing at varying durations and temperatures (CR1, CR2, CR3, 
CR4, CR5). Adiabatic CRs used an XLPE block for 5.1 by 10.2 cm specimens and EPS blocks for 
7.6 by 15.2 cm and 10.2 by 20.3 cm specimens (CR18, CR19, CR20, and CR21). CRs in the neither 
family utilized the 100% relative humidity curing room for varying durations of time (CR41 and 







Table 6.2 Summary of curing regimes (CRs) used in Chapter 6 
CR CR Family UHPC1 UHPC2 UHPC3 UHPC4 CP-U1 CP-U2 CP-U3 CP-U4 
CR1 I X X X X --- --- --- --- 
CR2 I X X X X --- --- --- --- 
CR3 I X X X X --- --- --- --- 
CR4 I X X X X --- --- --- --- 
CR5 I X X X X --- --- --- --- 
CR18 A --- --- --- --- X X X X 
CR19 A --- --- --- --- X X X X 
CR20 A X X X X X X X X 
CR21 A X X X X X X X X 
CR41 N X X X X --- --- --- --- 
CR42 N X X X X X X X X 
Note: A – adiabatic; I – isothermal; N – neither; X indicates CR was used for mixture; --- indicates CR was not used 
for mixture  
6.3 Results and Discussion 
A total of 120 cement paste (CP) specimens and 324 UHPC specimens were used in this 
chapter to evaluate the effects of silica fume source on mechanical and thermal properties. All CP 
specimens were tested to obtain fc, while UHPC specimens were tested for fc, E and St. Analysis 
of variance (ANOVA) was used for assessment throughout at a significance level of 0.05. 
6.3.1 Effects of Silica Fume Source on Cement Paste (CP) Mechanical and Thermal 
Properties 
Cement paste has been shown to be the lower end baseline strength of UHPC which is 
contrary to ordinary concrete where cement paste is usually the strongest component (Carey et al., 
2020a). By understanding the effects of silica fume source on CP, a baseline strength can be 
estimated for corresponding UHPC specimens provided paste-aggregate bonding problems are not 
present. Additionally, Carey et al. (2019) showed that maximum temperatures of cement paste 
were much higher than temperatures recorded for UHPC specimens due to the replacement of 
cement and silica fume with inert fillers such as silica flour and silica sand. As such, understanding 
the thermal characteristics of cement paste can also help estimate the thermal characteristics of the 
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hydrating portion of UHPC mixtures. Cement paste can be made quicker and easier than 
conventional concrete saving time and energy in production but still providing valuable insight 
into thermal properties. 
Each CP mixture underwent five CRs and were mixed to obtain five replicates per CR. 
Temperature data was recorded for adiabatic curing regimes (i.e. CR18 – CR21). Thermal trends 
for CP following CR18 and CR20 were not found to be useful as the peak temperature was not 
recorded for some mixtures; however, thermal trends are provided below for each CP specimen 
cured following CR19 and CR21 (Figures 6.1 through 6.4). A comparison of each CP mixture’s 
average thermal curve is also provided in Figure 6.5. Thermal points of interest related to 
individual specimen curves as well as average thermal profiles are provided in Table 6.3.  
 
 










































Figure 6.2 Thermal profiles for CP-U2 cured in (a) CR19 and (b) CR21 
 
 













































































Figure 6.4 Thermal profiles for CP-U4 cured in (a) CR19 and (b) CR21 
 
 





































































































1 32.8 21.3 1.3 -0.4 85.0 21.2 6.9 -1.5 
2 31.9 21.5 1.2 -0.3 86.0 21.4 7.0 -1.5 
3 31.6 21.5 1.1 -0.3 88.4 21.3 7.0 -1.5 
4 31.0 21.3 1.1 -0.3 85.3 21.2 6.9 -1.4 
5 31.6 21.5 1.1 -0.3 82.3 21.4 6.8 -1.4 
Avg. 31.8 21.4 1.2 -0.3 85.4 21.3 6.9 -1.5 
CP-U2 
1 32.9 14.9 1.2 -0.8 93.7 14.8 8.2 -1.5 
2 32.2 14.9 1.2 -0.8 95.5 14.9 8.5 -1.5 
3 31.6 14.9 1.2 -0.7 98.8 14.8 9.0 -1.6 
4 31.0 14.9 1.1 -0.7 95.2 14.8 8.5 -1.5 
5 31.6 14.9 1.1 -0.7 90.8 14.8 8.0 -1.4 
Avg. 31.9 14.9 1.2 -0.8 94.8 14.8 8.4 -1.5 
CP-U3 
1 34.4 15.0 1.6 -0.8 90.0 15.0 8.2 -1.4 
2 33.5 15.2 1.5 -0.8 90.7 15.1 8.4 -1.4 
3 33.0 15.2 1.5 -0.7 92.0 15.2 8.3 -1.4 
4 32.7 15.2 1.5 -0.7 90.9 15.0 8.3 -1.4 
5 33.1 15.2 1.4 -0.7 88.1 15.0 8.1 -1.4 
Avg. 33.3 15.1 1.5 -0.7 90.3 15.0 8.3 -1.4 
CP-U4 
1 33.8 19.5 1.4 -0.5 90.2 19.2 6.9 --- 
2 32.3 19.5 1.2 -0.4 91.0 19.3 7.1 --- 
3 32.2 19.6 1.2 -0.4 94.1 19.4 7.2 --- 
4 32.2 19.6 1.2 -0.5 90.5 19.3 7.0 --- 
5 32.4 19.6 1.2 -0.4 87.3 19.3 6.7 --- 
Avg. 32.6 19.6 1.2 -0.5 90.6 19.3 7.0 --- 
Note: Tmax – maximum temperature recorded; tmax – time of maximum temperature; Tincrease – rate of temperature 
increase; Tdecrease – rate of temperature decrease 
 
Table 6.4 displays the range, average (Avg.), and coefficient of variation (COV) of 
compressive strength data in addition to a maturity estimate of the concrete given in degree 
Celsius-days (°C-d) when calculated in linear fashion. ANOVA tests were conducted with fcp data 
displayed in Table 6.4. CP-U2 had the highest fcp values in all CRs except for CR18 and was the 
significantly strongest CP for 7.6 by 15.2 cm specimens cured following CR42 and CR19. CP-U2 
produced some of the highest temperatures during curing which follows the trends found in Carey 
et al. (2020a) that higher temperature curing conditions lead to increased fc values. Likewise, CP-
U1 produced significantly lower temperatures during insulated block CRs and yielded significantly 
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lower fc values in almost all CRs. The higher temperatures produced during curing by CP-U2 likely 
increased reaction speed between SiO2 and calcium hydroxide (CH) produced during hydration. 
When cured in ambient conditions, 7.6 by 15.2 cm CP-U2 specimens yielded significantly higher 
fc values compared to the other mixtures while 5.1 by 10.2 cm CP-U2 specimens yielded the 
highest compressive strengths of the four mixtures, but not at a statistically significant level. 
















161 61.6 - 69.8 66.8 5.0 
CP-U2 161 75.7 - 95.5 89.2 8.8 
CP-U3 161 60.9 - 94.1 78.0 16.0 





161 63.7 - 81.2 74.4 8.7 
CP-U2 161 78.9 - 95.2 85.5 7.0 
CP-U3 161 62.9 -  82.6 75.8 10.4 





28.2-41.0 49.5 – 58.3 54.6 7.4 
CP-U2 32.9-34.2 101.7 – 123.2 110.4 7.9 
CP-U3 51.3-55.6 70.9 - 83.2 76.2 6.5 





118.5-133.7 64.9 – 87.3 76.1 10.5 
CP-U2 121.9-138.2 87.3 – 109.5 93.0 10.0 
CP-U3 118.3-133.4 72.9 – 96.4 88.2 10.2 





23.5-24.1 16.2 – 21.6 19.1 10.5 
CP-U2 23.4-23.9 20.0 - 22.6 21.4 4.3 
CP-U3 24.9-25.5 40.9 - 46.8 43.4 5.7 





72.9-75.3 46.0 – 67.3 54.4 17.4 
CP-U2 71.2-72.8 52.0 – 83.8 70.1 18.7 
CP-U3 75.3-77.3 60.7 – 74.1 66.9 7.9 
CP-U4 74.9-76.8 58.3 – 74.2 66.4 9.1 
Note: Avg. = average; COV = coefficient of variation 
A  Maturity is unknown due to data logger malfunction 
B Average of 4 specimens as 1 sheared at a low strength during testing and did not accurately 
reflect compressive strength 
C Average of 3 specimens as 1 broke during test preparation and 1 sheared at a low strength 




6.3.2 Effects of Silica Fume Source on UHPC Mechanical and Thermal Properties 
Compressive strength and elastic modulus were recorded for UHPC specimens that 
underwent one of nine curing regimes (Tables 6.5 and 6.6; Figure 6.6). In all but two cases fc data 
is an average of four specimens. Two specimens were tested in compression to get an average fc 
and then E tests were conducted on the last two specimens based on this average compressive 
strength followed by 2 additional fc tests. UHPC1 cured following CR1 and CR41 were used in a 
variability study discussed in Howard et al. (n.d.). As a result, CR1 has 30 replicates for fc and 15 
replicates for E while CR41 has 32 replicates for fc. UHPC1 specimens cured following CR41 
produced compressive strengths too low to conduct elastic modulus testing so no results were 
recorded. 
Table 6.5 Compressive strength (fc) data for silica fume UHPC mixtures 
CR 

























1 159-200 179 5.7 179-192 185 3.3 154-170 163 5.0 135-156 145 6.2 
2 122-140 135 6.3 111-117 115 2.3 119-129 124 3.6 106-121 115 5.7 
3 160-176 168 4.3 147-156 153 2.6 141-150 145 3.1 129-141 135 3.8 
4 137-157 142 7.2 122-139 130 5.9 117-127 123 3.9 115-137 128 7.4 
5 150-169 162 5.4 161-171 165 3.0 136-162 152 8.1 151-169 160 4.7 
20 89-95 92 2.8 97-114 106 6.8 99-114 108 6.8 51-59 55 6.5 
21 127-136 131 3.5 107-123 114 6.2 109-122 116 5.1 108-117 111 3.6 
41 1-3 2 26.2 16-24 20 21.2 57-60 58 3.0 37-41 40 5.4 








Table 6.6 Elastic modulus (E) data for silica fume UHPC mixtures 
CR 

























1 48.0-55.0 50.4 4.0 54.5-54.7 54.6 0.2 47.7-47.8 47.8 0.1 46.9-48.1 47.5 1.8 
2 45.2-47.6 46.4 3.7 45.1-46.2 45.6 1.6 46.5-48.1 47.3 2.4 43.4-43.5 43.4 0.2 
3 51.7-53.9 52.8 2.9 48.6-48.7 48.6 0.1 47.6-56.3 51.9 11.8 43.7-46.6 45.2 4.6 
4 50.7-51.2 51.0 0.7 45.7-46.2 45.9 0.8 46.5-47.0 46.8 0.8 46.2-47.5 46.8 1.9 
5 49.6-51.4 50.5 2.6 50.0-50.8 50.4 1.1 45.4-48.9 47.1 5.3 48.4-48.7 48.6 0.3 
20 39.6-42.8 41.2 5.5 45.7-47.8 46.8 3.2 41.8-44.0 42.9 3.7 30.0-31.4 30.7 3.1 
21 45.1-46.9 46.0 2.7 43.0-44.9 44.0 3.0 44.4-48.8 46.6 6.6 43.5-44.7 44.1 1.9 
41 ---A ---A ---A 21.8-23.0 22.4 3.6 31.0-36.1 33.6 10.6 24.9-25.0 25.0 0.03 
42 41.9-45.9 43.9 6.5 46.6-47.0 46.8 0.7 44.3-45.5 44.9 2.0 37.6-42.9 40.2 9.3 
A Specimens were not fully set and a modulus could not be recorded 
 
  
Figure 6.6 Mechanical properties of silica fume UHPC mixtures: (a) compressive strength 










































ANOVA methods were utilized to assess differences between silica fume sources relative 
to compressive strength (fc) and elastic modulus (E). When cured in an ambient environment for 
7 days (CR42) there were no significant differences between any fc or E results as fc only varied 
between the four mixtures by 3 MPa and E varied by 6 GPa. However, when heat was applied the 
differences in silica fume source became evident as some mixtures had significantly higher 
strengths. At early ages (CR41), UHPC1 and UHPC2 produced very low early age fc and E values 
and were significantly weaker than UHPC3 and UHPC4. As more time passed, SiO2 began to react 
with CH produced during hydration. For CRs that included high temperature curing at early ages 
(CR2, 3, 4, and 5), UHPC1 or UHPC2 had the highest fc and E and was in most cases the strongest 
mixture by a significant margin. For example, UHPC1 had the significantly highest fc in CR2 and 
CR3 where high temperature curing (50°C and 90°C) was only available for 1 day. UHPC1 and 
UHPC2 did not have significantly different fc but were significantly higher compared to UHPC3 
and UHPC4 in CR4 where specimens were submerged in 50°C water for 6 days. For CR5 there 
was no significant difference in all fc values between all four mixtures. High temperature curing 
(90°C) for 6 days gave silica fumes with a purity of 90% enough time to react with CH and gain 
comparable fc to silica fumes with purities greater than 93%. For E, curing in 90°C, regardless of 
curing duration, produced no significant differences; however, when cured in 50°C there were 
slight variations in E, but silica fume purity did not correlate with E values. 
Therefore, it seems likely that the addition of heat during curing increases the reaction rate 
between SiO2 and CH and creates a stronger mixture than room temperature curing, perhaps even 
at comparable °C-d levels. Additionally, as silica fume purity increases, specimens need less time 
and lower curing temperatures to obtain high fc values, but after 90°C curing temperatures for 6 
days no significant differences in fc were noticed regardless of silica fume purity. This aligns with 
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results from Burroughs et al. (2016) where specimens did not produce significantly different fc 
values when cured at 90°C for 7 days. Even though the silica fume purities varied, the high 
temperature exposure gave all silica fumes a enough time to react with CH produced during 
hydration. 
UHPC specimens cured following CR20 and CR21 were in an adiabatic family curing 
environment that was unique for every mixture because heat was generated by the mixture itself. 
Similar to CP testing in these CRs, time-temperature histories for each hydrating specimen was 
recorded during each test and are shown below in Figures 6.7 through 6.10. For each UHPC 
mixture there were four replicates produced. An average temperature curve was obtained for each 
mixture in each CR and plotted in Figure 6.11 as a comparison. Thermal points of interest for each 
specimen cured in CR21 as well as the average curve are provided in Table 6.7. Specimens cured 
in CR20 did not capture the full hydration period since curing only lasted 1 day; therefore, only 
maximum temperature and time of maximum temperature were reported. Note that some reported 
maximum temperatures may not have been a true peak temperature, but it was the maximum 




Figure 6.7 Thermal profiles for UHPC1 specimens cured in (a) CR20 and (b) CR21 
 
 














































































Figure 6.9 Thermal profiles for UHPC3 specimens cured in (a) CR20 and (b) CR21 
 
 





















































































































































1 60.1 24.0 --- --- 61.7 25.8 2.6 -0.7 
2 62.2 24.0 --- --- 64.5 27.0 2.9 -0.8 
3 62.8 24.0 --- --- 65.1 27.0 3.1 -0.8 
4 60.3 24.0 --- --- 62.0 25.8 2.7 -0.7 
Avg. 61.3 24.0 --- --- 63.3 26.4 2.8 -0.7 
UHPC2 
1 61.8 18.6 --- --- 63.1 18.7 3.1 -0.7 
2 64.8 18.5 --- --- 64.4 18.9 3.2 -0.7 
3 66.2 18.3 --- --- 65.5 18.6 3.4 -0.7 
4 63.8 18.6 --- --- 63.8 18.7 3.2 -0.7 
Avg. 64.2 18.5 --- --- 64.2 18.7 3.2 -0.7 
UHPC3 
1 63.9 17.2 --- --- 58.4 23.3 2.7 -0.6 
2 64.7 17.2 --- --- 59.7 23.3 2.9 -0.7 
3 64.5 17.1 --- --- 60.4 23.1 2.9 -0.7 
4 66.2 17.1 --- --- 61.8 23.1 3.0 -0.7 
Avg. 64.8 17.1 --- --- 60.1 23.2 2.9 -0.7 
UHPC4 
1 53.1 24.0 --- --- 59.5 28.7 2.6 -0.7 
2 53.7 24.0 --- --- 62.9 22.4 2.8 -0.7 
3 54.4 24.0 --- --- 63.0 22.5 2.9 -0.7 
4 53.4 24.0 --- --- 62.0 27.9 2.9 -0.8 
Avg. 53.7 24.0 --- --- 61.8 25.4 2.8 -0.7 
Note: Tmax – maximum temperature recorded; tmax – time of maximum temperature; Tincrease – rate of temperature 
increase; Tdecrease – rate of temperature decrease 
 
For CR20, UHPC2 and UHPC3 produced significantly stronger fc values than the other 
two mixtures. These mixtures also achieved their maximum temperatures during curing as shown 
in Figure 6.9 and 6.10. As discussed above, increased curing temperature has been shown to 
increase the reaction rates between SiO2 and CH. Specimens cured following CR21 were cured in 
the same environment but for a longer duration of time (3 days). These specimen’s fc values were 
not solely a function of curing temperature like CR20. UHPC1, which has the purest silica fume 
content, had significantly higher fc values than all other mixtures tested. Even though curing 
temperatures recorded for UHPC1 in CR21 were not the highest, the pure silica fume had more 
time and SiO2 to react with CH compared to the other mixtures.  
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In addition to compressive strength and elastic modulus, indirect tensile strength (St) was 
found for all forced curing regimes (Table 6.8; Figure 6.12). ANOVA testing was conducted on 
St data and no consistent trends were found based on the effects of silica fume source. For example, 
UHPC3 produced the highest indirect tensile strength for CR42, but produced the significantly 
lowest St for CR2 and CR5. Based on this data, indirect tensile strengths were not found for 
adiabatic curing regimes (CR20 and CR21) as it was not thought to contribute to beneficial 
analysis. Trends in Carey et al. (2020a) also justified this decision as indirect tensile strengths were 
shown to be a function of fiber inclusion more so than any other constituent. 
Table 6.8 Indirect tensile data for UHPC mixtures 
CR 

























1 20.3-27.1 23.9 12.3 19.5-21.2 20.3 3.6 18.8-21.3 20.0 6.1 19.9-22.5 21.4 5.4 
2 17.3-19.6 18.5 4.2 15.3-21.0 18.0 15.4 15.0-17.7 16.7 7.2 15.1-21.3 17.7 14.8 
3 19.0-21.2 20.1 4.8 17.7-21.3 19.7 7.6 15.7-20.4 18.5 11.6 15.4-20.4 17.8 11.4 
4 14.3-20.8 18.0 15.4 13.5-18.8 16.2 13.5 15.4-17.3 16.1 5.3 15.7-21.0 19.4 12.9 
5 15.0-16.1 15.4 3.1 13.6-18.3 16.2 12.6 14.1-17.0 15.5 8.5 19.7-22.5 21.2 6.4 
41 0.4-0.7 0.4 33.9 1.3-3.0 2.2 38.5 9.5-11.7 10.6 8.2 8.1-10.4 9.6 11.0 
42 14.2-17.3 15.8 8.9 12.6-15.2 14.3 8.8 15.6-16.5 16.2 2.4 14.6-16.3 15.6 4.6 
 
 


















6.3.3 Effects of Silica Fume Source and w/cm Ratio 
Four w/cm ratios (0.125, 0.15, 0.175, and 0.20) were used with all four UHPC mixtures to 
understand how silica fumes with different SiO2 contents reacted to varying w/cm ratios. In all 
cases admixtures were varied to obtain a mixture that would breakover (i.e. change from a 
semisolid to fluid consistency). Additional admixture had to be added to UHPC1 and UHPC2 
when mixing at a w/cm ratio of 0.125 to achieve breakover. The total admixture used to achieve 
breakover for each mixture is reported in Table 6.1. During mixing it was observed that even as 
w/cm ratio increased, the admixture contributed more to the workability of the mixture than water. 
For example, UHPC1 at a w/cm ratio of 0.20 only had one elastic modulus reading as the 
specimens were very pitted and had not consolidated well so the modulus collar could not be 
attached for testing. All specimens were produced in groups of four for this w/cm ratio study, cured 
following CR1, and tested to obtain compressive strength and elastic modulus (Table 6.9). Values 
for each UHPC mixture at a 0.15 w/cm ratio are repeated from Tables 6.5 and 6.6. 
Table 6.9 w/cm ratio effects on compressive strength (fc) and elastic modulus (E) 
Test w/cm 
UHPC1 UHPC2 UHPC3 UHPC4 
Range Avg.  COV  Range  Avg. COV  Range  Avg.  COV Range  Avg.  COV  
fc 
0.125 168-188 179 4.7 167-196 183 6.5 165-177 170 3.5 158-179 169 5.7 
0.150 159-200 179 5.7 179-192 185 3.3 154-170 163 5.0 135-156 145 6.2 
0.175 116-143 131 8.9 95-129 112 13.0 120-131 126 4.0 121-131 125 3.8 
0.200 50-108 81 33.3 115-130 122 5.7 98-112 106 5.6 106-122 115 5.9 
E 
0.125 53.1-56.1 54.7 3.9 50.2-52.7 51.5 3.4 53.2-56.7 55.0 4.4 53.9-57.0 55.5 4.0 
0.150 48.0-55.0 50.4 4.0 54.5-54.7 54.6 0.2 47.7-47.8 47.8 0.1 46.9-48.1 47.5 1.8 
0.175 41.7-42.6 42.1 1.6 42.2-45.7 43.9 5.5 41.5-42.2 41.9 1.2 40.5-41.3 40.9 1.2 
0.200 39.6A 39.6A ---A 41.2-42.5 41.8 2.1 39.5-40.5 40.0 1.8 35.9-37.6 36.8 3.3 
Note:  fc range and average are in MPa and E range and average are in GPa. COV is given as a percent. 




On average, the highest compressive strengths were at a w/cm ratio of 0.125 and trended 
downward as w/cm ratio increased. General trend analysis showed that as w/cm ratio increased 
from 0.125 to 0.15, 0.15 to 0.175, and 0.175 to 0.20, fc decreased at each stage by an average of 
0.2 MPa, 51.3 MPa, and 17.5 MPa respectively (Figure 6.13a). ANOVA testing revealed that there 
was no significant differences in the average compressive strength at 0.125 and 0.15 w/cm ratios; 
however, there were significant decreases in average compressive strength between 0.15 and 0.175 
as well as 0.175 and 0.20. Elastic modulus followed a similar trend with staged decreases in 
average E of 4.0 GPa, 8.0 GPa, and 2.7 GPa as w/cm ratio increased from 0.125 to 0.15, 0.15 to 
0.175, and 0.175 to 0.20 respectively (Figure 6.13b). ANOVA testing revealed significant 
decreases in average E for each 0.025 increase of w/cm ratio. Additional ANOVA tests showed 
that, on average, there were significant interaction between silica fume source and w/cm ratio with 
respect to both fc and E. Analysis of interactions with respect to fc yielded a p-value of <0.01 and 
interactions with respect to E also yielded a p-value of <0.01. This indicates a very strong 
interaction between silica fume source and w/cm ratio with respect to both compressive strength 
and elastic modulus. In other words, silica fume sources reacted differently to w/cm ratios, and the 












Figure 6.13 Trends in (a) compressive strength and (b) elastic modulus in UHPC mixtures as 
w/cm ratio is varied 
 
6.3.4 Regression Analysis 
Using the data presented in Tables 6.4, 6.5, and 6.9, multiple regression analysis was used 
to assess the impacts of silica fume purity (SFP), maximum curing temperature (Tmax), maturity 
(°C-d), water to cementitious material (w/cm) ratio, and admixture dosage (ADMIX) on 
compressive strength of CP and UHPC. Using these variables along with linear, quadratic, and 
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Equation 6.1 predicts compressive strength of cement paste with a constant w/cm ratio 
using three variables: silica fume purity (SFP) as a percent, maturity of the hydrating specimen in 
degree Celsius-days (°C-d), and maximum curing temperature (Tmax) in degree Celsius. Note for 
specimens cured in Adiabatic curing regimes Tmax is the maximum recorded temperature reported 
in Table 6.3. For specimens cured in an Isothermal or Neither CRs, Tmax is reported as the 
maximum curing temperature of each protocol (i.e. Tmax for CR1 is reported as 90°C while Tmax 
for CR41 is reported as 23°C). Equation 6.1 has an adjusted R-square value of 0.47. Equation 6.2 
predicts compressive strength of UHPC with a constant w/cm ratio using three variables: silica 
fume purity (SFP) as a percent, maturity of the specimen in degree Celsius-days (°C-d), and 
maximum curing temperature (Tmax) in degree Celsius. Equation 6.2 has an adjusted R-square 
value of 0.90. Equation 6.3 predicts compressive strength of UHPC mixtures with varying w/cm 
ratios that were cured following CR1 using 3 variables: silica fume purity (SFP) as a percent, w/cm 
ratio, and admixture dosage (ADMIX) in mL. Equation 6.3 has an adjusted R-square value of 0.74. 
 
fcp =  46.46 − 0.007(SFP




fc =  −168.15 − 0.005(SFP
2) + 54.56(log(°C − d)) + 121.96(log(Tmax)) 
(6.2) 
 
fc =  −499.16 + 369.24(log(SFP)) − 3077.06(w cm⁄
2
) + 0.12(ADMIX) 
(6.3) 
 
 Using Equations 6.1, 6.2, and 6.3,  predicted compressive strength values were calculated 
for each data set and then plotted on an equality plot against recorded data from Tables 6.4, 6.5, 
and 6.9 (Figure 6.14). The dashed line on the plot represents where predicted and recorded 
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strength values are equal. The closer the points are to the dashed line, the more accurate the 
predicted value. Note Figure 6.14 is not a verification plot since the same data was used for 
prediction that is shown; Figure 6.14 is for visual assessment of Equations 6.1, 6.2, and 6.3. 
Although there is scatter in all three figures, the plotted points generally followed the equality 
line in each figure. The increased scatter associated with the CP (Figure 6.14a) compared to 
UHPC (Figure 6.14b and 6.14c) can be attributed to the inherent variability of CP compared to 
UHPC mixtures which has been recorded in Carey et al. (2020a). 
 
Figure 6.14 Predicted versus recorded fc values for (a) CP with a constant w/cm ratio, (b) 
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6.4 Summary and Conclusions 
There have been several researchers who have studied the effects of silica fume 
replacement percentage on mechanical properties of conventional and ultra-high performance 
concrete. There has been some additional research on silica fume source effects on mechanical 
properties, but each study focused on one standard curing regime for all concrete specimens. This 
research expanded on these research efforts by utilizing 11 curing regimes (5 from the Isothermal 
family, 4 from the Adiabatic family, and 2 from the Neither family) to test UHPC and the cement 
paste within UHPC. Emphasis was placed on adiabatic curing conditions (CR18, CR19, CR20, 
and CR21) where specimens were cured in EPS blocks by their own heat of hydration to simulate 
concrete in a mass placement. 
 Cement paste cured for 1 day in an adiabatic environment produced higher compressive 
strengths when specimens produced meaningful heat during hydration which increased SiO2 and 
CH reactions. However, when cement paste was cured for 3 days in an adiabatic curing 
environment, compressive strength was higher in specimens with higher SiO2 contents which had 
adequate time and heat to react. Similar trends were found in UHPC where specimens with a high 
SiO2 content yielded significantly higher compressive strengths when cured at lower temperatures 
and shorter durations. As curing temperature and duration increased, all silica fume sources studied 
herein produced similar compressive strengths. These results are paramount for understanding 
early age properties of mass UHPC placements. As silica fume SiO2 content varies, the heat of 
hydration has been shown to vary and thus effect the timing of the hydration reactions and strength 
gain. By understanding the effects of silica fume on heat of hydration and mechanical properties, 




TIME-TEMPERATURE IMPLICATIONS OF CURING ON MECHANICAL PROPERTIES 
OF ULTRA-HIGH PERFORMANCE CONCRETE 
The contents of this chapter has been submitted to peer review in conjunction with additional 
content not presented in this chapter. This paper has been reformatted and reproduced herein with 
minor modifications to better suit the objectives of this dissertation.  
7.1 Introduction 
Predicting in-place concrete strength is important to the sequence of construction events 
and can impact decisions such as use of insulation and time of formwork removal. One study 
showed an insulated 1 m3 UHPC placement generated temperatures of 90°C within 14 hours of 
placement and produced higher compressive strengths than laboratory specimens of the same 
mixture (Sbia et al., 2017). This highlights how UHPC applications should consider managing and 
controlling this heat to improve mechanical property development in applicable cases. This is 
contrary to conventional concrete where worsened mechanical properties have been associated 
with high temperature curing (Ma et al., 2015). There are models such as the maturity method 
(Carino, 1984; Cervera et al., 2002; Kim et al., 1998; Lee et al., 2016; Allard et al., 2020; D’Aloia 
and Chanvillard, 2002; Kim et al., 2001) and heat of hydration models (Ballim, 2004; Batog and 
Giergiczny, 2017; Kuriakose et al., 2016; Lawrence et al., 2014; Riding et al., 2006) that can 
predict in-place properties of convectional concrete. However, for UHPC mixtures that benefit 
from high temperature curing, calculated maturity values do not always correlate with increases in 
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mechanical properties (Allard et al., 2020). Additionally, the applicability of heat of hydration 
models to UHPC is uncertain as UHPC can consume the low water volume available, has low 
permeability, and generates more total heat. 
In this chapter, a systematic test plan was used to understand how timing of heat effects 
mechanical properties of UHPC, which is this chapter’s primary objective. Variable temperature 
(VT) ramp profiles were used to subject non-insulated specimens to isothermal curing regimes 
(CRs). Specimens were then tested to obtain mechanical properties for a known curing history. A 
range of testing temperatures were selected to be representative of temperatures experienced by 
UHPC placements in hot regions (e.g. 50°C) as well as mass placement or precast applications 
(e.g. 70 and 90°C). 
7.2 Abbreviated Experimental Program 
All specimens produced for experiments presented in this chapter were UHPC1. Mixing 
occurred identically to what was described in Section 3.4 with one small deviation. Between the 
first and second lift, a thermocouple was embedded in the center of one specimen from each batch. 
Once filled, molds were covered with a plastic lid and sealed with electrical tape. All specimens 
were produced in groups of four for VT testing with two specimens having embedded 
thermocouples. Specimens were then placed into their respective curing regime.  
 Twelve isothermal curing regimes were used in this chapter: CR6 through CR17. These 
CRs utilized a variable temperature bath, fully described in Chapter 4, to subject hydrating 
specimens to one of three thermal ramp profiles. After VT curing, specimens were placed into a 
23°C water bath with hydrated lime until mechanical testing. Mechanical testing occurred at four 
times: immediately after removal from the VT bath, 7 days after mixing, 14 days after mixing, and 
28 days after mixing (Table 7.1).  
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Ramp Profile Description 











(0,1) CR6 VT immediately after molding for 1 day 4 4 4 4 
(0,2) CR7 VT immediately after molding for 2 days 4 4 4 4 
(1,2) CR8 VT 1 day after molding for 1 day 4 4 4 4 
(1,3) CR9 VT 1 day after molding for 2 days 4 4 4 4 
70 
(0,1) CR10 VT immediately after molding for 1 day 4 4 4 4 
(0,2) CR11 VT immediately after molding for 2 days 4 4 4 4 
(1,2) CR12 VT 1 day after molding for 1 day 4 4 4 4 
(1,3) CR13 VT 1 day after molding for 2 days 4 4 4 4 
90 
(0,1) CR14 VT immediately after molding for 1 day 4 4 4 4 
(0,2) CR15 VT immediately after molding for 2 days 4 4 4 4 
(1,2) CR16 VT 1 day after molding for 1 day 4 4 4 4 
(1,3) CR17 VT 1 day after molding for 2 days 4 4 4 4 
TOTAL SPECIMENS (192) 48 48 48 48 
 
7.3 Results and Discussion 
For each VT case, thermal curves were also obtained for hydrating specimens and are 
shown in Figure 7.1 for each individual specimen (spec.). Eight thermal curves are shown in these 
figures. Sixteen specimens went through each ramp profile, but only eight had internal 
thermocouples to measure temperature. Maximum temperature (Tmax) and the time that maximum 
temperature occurs (tmax) was found for each of the eight thermal curves in 50, 70, and 90°C VT 

























































































































































































































































































































Table 7.2 Summary of thermal peak data for specimens cured with VT profiles  
  50°C VT Profiles 70°C VT Profiles 90°C VT Profiles 




58.2 59.1 58.4 55.9 83.2 84.2 76.3 77.4 104.3 104.1 95.8 95.3 
COV  
(%) 




13.6 14.1 31.9 31.9 10.8 11.0 30.7 31.6 9.3 9.6 31.9 31.4 
COV  
(%) 
4.4 5.2 0.8 0.8 13.2 8.8 0.5 2.9 11.5 12.5 2.9 1.8 
Note: Tmax = maximum temperature; Avg. = average; COV = coefficient of variation; tmax = time of maximum 
temperature; Time to maximum temperature is measured as time when water was added to cement during mixing to 
time of peak temperature 
 
As seen in Figure 7.2a, as the target VT temperature increased (TVT), the difference in 
maximum temperature (Tmax) between immediate VT curing and delayed VT curing meaningfully 
increased. All 50°C VT profiles were noticeably more consistent in maximum temperature 
compared to 70 and 90°C VT profiles, but 50-(0,1) and 50-(0,2) ramp profiles produced 
significantly higher Tmax values compared to 50-(1,2) and 50-(1,3) ramp profiles (p-value of 
<0.01). For 70°C and 90°C VT profiles, the differences in Tmax between specimens immediately 
placed into VT curing and delayed VT curing specimens were 6.9°C and 8.7°C respectively. In 
both cases, specimens immediately placed into VT curing produced significantly higher Tmax 
values (p-values of <0.01). Coefficient of variation (COV) was also plotted as a function of VT 
target temperature (Figure 7.2b). For specimens that waited 24 hours prior to VT curing, there was 
not a significant correlation between Tmax values and VT target temperature. However, for 
specimens immediately placed into VT curing, COV generally decreased as the VT curing 
temperature increased.  
Linear regression was also performed for tmax as a function of VT target temperature for 
specimens immediately placed into VT curing (i.e. (0,1) and (0,2) profiles) and for specimens 
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placed into VT 1 day after mixing (i.e. (1,2) and (1,3) profiles). As seen in Figure 7.2c and 7.2d, 
for (0,1) and (0,2) profiles, tmax decreased as the target temperature increased while coefficient of 
variation (COV) values generally increased. However, for (1,2) and (1,3) profiles, tmax values 
ranged between 30.7 and 31.9 hours with no correlation to VT target temperature (R2 value of 
0.06). COV values also increased, but at a much lower rate compared to (0,1) and (0,2) profiles. 
This can be attributed to specimens being in a curing room for the first 24 hours of hydration. The 
room temperature curing environment maintains a steadier hydration rate compared to specimens 




Figure 7.2 Linear regression analysis of (a) Tmax, (b) Tmax COV, (c) tmax, and (d) tmax COV for 





Tmax = 1.1(TVT) + 2.5
R² > 0.99
















VT Target Temperature ( C)
(0,1) (0,2) (1,2) (1,3)
(a)
COV = 0.18(TVT) - 3.3
R² = 0.72





















VT Target Temperature ( C)
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(d)
tmax = -0.11(TVT) + 19.1
R² = 0.95



















VT Target Temperature ( C)
(0,1) (0,2) (1,2) (1,3)
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COV = -0.02(TVT) + 2.8
R² = 0.27
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 Compressive strength (fc) and elastic modulus (E) are recorded for VT cured specimens in 
Table 7.3. In most cases, fc and E development improved when specimens were put into VT curing 
one day after mixing (i.e. (1,2) and (1,3) profiles) rather than immediately after mixing (i.e. (0,1) 
and (0,2) profiles). ANOVA testing was used to determine if there were significant differences in 
mechanical properties of specimens put into VT curing immediately (fc0, E0) and one day after 
mixing (fc1, E1) (Table 7.4).  For 1 day comparisons, fc0 and E0 were (0,1) profiles and fc1 and E1 
were (1,2) profiles. For 2 day comparisons, fc0 and E0 were (0,2) profiles and fc1 and E1 were (1,3) 
profiles. The difference between fc1 and fc0 as well as E1 and E0 are reported in Table 7.4 to show 
the range of mechanical properties due to temperature timing. A negative number indicates that 
mechanical properties were better for specimens immediately placed in VT curing while positive 













































1.3 87.0 3.7 40.3 
70-(1,2) CR12 
2.4 145.0 3.6 46.3 
7.0 106.4 2.6 41.2 6.9 140.8 4.4 49.0 
14.0 114.4 4.4 45.1 14.1 136.2 3.5 43.4 
28.0 122.4 4.0 47.2 27.9 141.5 1.4 45.5 
50-(0,2) CR7 
2.3 112.2 5.8 43.1 
70-(1,3) CR13 
3.4 140.3 6.8 45.5 
7.0 114.7 4.5 43.1 7.0 147.6 2.1 47.8 
14.0 123.4 0.7 45.9 13.9 145.3 3.1 46.5 
28.0 126.6 4.5 44.7 28.0 117.11 2.9 35.52 
50-(1,2) CR8 
2.3 119.2 3.9 43.3 
90-(0,1) CR14 
1.5 77.9 4.3 18.0 
7.0 125.0 2.0 46.3 6.9 86.2 6.9 22.0 
13.9 129.4 3.1 51.9 14.0 93.0 7.8 27.8 
27.9 132.5 7.4 51.8 27.9 93.8 6.1 24.5 
50-(1,3) CR9 
3.3 129.4 4.9 49.0 
90-(0,2) CR15 
2.5 85.4 8.5 22.3 
7.1 125.2 3.0 48.1 6.9 87.8 5.1 21.3 
14.0 142.1 5.0 50.3 14.0 91.6 5.3 21.0 
27.9 144.5 2.9 50.7 28.0 89.8 9.2 25.4 
70-(0,1) CR10 
1.4 105.6 3.4 32.4 
90-(1,2) CR16 
2.5 163.5 2.8 46.8 
6.9 96.4 8.7 42.8 6.9 154.6 2.5 47.6 
14.1 99.0 3.9 38.8 14.1 158.3 4.1 47.9 
27.9 99.9 11.1 30.2 27.9 149.7 3.6 46.9 
70-(0,2) CR11 
2.4 109.8 8.5 34.4 
90-(1,3) CR17 
3.5 161.6 5.3 49.7 
7.0 103.5 5.6 40.4 7.0 161.1 3.9 45.5 
14.0 99.7 4.1 38.0 14.0 153.9 3.1 48.7 
28.0 111.0 3.5 41.3 28.0 160.7 5.7 47.7 
1Compressive strength average of only 3 specimens due to equipment malfunction 
2Elastic modulus of only 1 specimen due to equipment malfunction 
 
 
Table 7.4 Differences in mechanical properties for specimens immediately exposed to VT 
















1 day +19.0 <0.01 Yes +4.9 0.02 Yes 
2 day +16.1 <0.01 Yes +5.3 <0.01 Yes 
70 
1 day +40.3 <0.01 Yes +10.0 <0.01 Yes 
2 day +30.0 <0.01 Yes +6.5 <0.01 Yes 
90 
1 day +68.8 <0.01 Yes +24.2 <0.01 Yes 




There were significant differences in fc and E for specimens immediately placed in VT 
curing and specimens that waited a day prior to VT curing. In these high temperature cases, 
specimens placed into VT curing 1 day after mixing produced significantly better mechanical 
properties. The average difference in compressive strength increased from +17.5 MPa at 50°C to 
+35.2 MPa at 70°C and +69.8 MPa at 90°C while for elastic modulus the average differences were 
+5.1 GPa (50°C), +8.3 GPa (70°C) and +24.8 GPa (90°C). These differences yield a wide range 
of mechanical properties depending on the timing of curing (Figure 7.3).  
 
Figure 7.3 Linear regression analysis of (a) compressive strength and (b) elastic modulus 
 
Linear regression analysis of compressive strength data showed specimens placed in VT 
curing 1 day after mixing had a slope of +0.66 MPa/°C while specimens immediately placed in 
VT curing had a slope of -0.63 MPa/°C (Figure 7.3a). In other words, every °C of added 
temperature, when applied immediately, reduced compressive strength by 0.63 MPa and in 
E = -0.53(TVT) + 71.5
R² = 0.84
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contrast, every °C of added temperature increased compressive strength by 0.66 MPa when 
specimens first cured for 1 day at 23°C. These VT conditions are exaggerated examples to 
determine the fully capture the effects of curing timing and temperature on mechanical properties. 
In reality, a structure will not start producing hydration heat immediately or at exactly 24 hours. 
Hydration heat can begin to accumulate any time after a few hours depending on several variables. 
Therefore, Figure 7.3a shows a range of fc values that could be experienced by UHPC specimens 
cured within 24 hours of combining water and cement. With this large range of possible fc values, 
confidently determining in-place properties of a UHPC structure could be challenging absent a 
realistic laboratory thermal conditioning protocol.   
Figure 7.3b showed that for specimens placed into VT curing after 1 day, there was not a 
strong correlation between E values and VT temperature. However, for specimens immediately 
placed into VT curing, there was a reasonably strong correlation found between E values and VT 
temperature. The immediate exposure of UHPC specimens to high temperatures at early ages was 
found to drastically decrease elastic modulus values by 0.53 GPa for every °C of temperature 
added immediately after placement. Again, in reality E values of a UHPC structure would likely 
fall somewhere in the range of these two situations. However, where in the range would be 
unknown in typical present day practice. 
Previous studies have shown that UHPC mixtures develop increased mechanical properties 
when exposed to high temperature curing; however, this study showed that the timing of curing 
has a significant effect on thermal and mechanical properties and quantified this effect in Figure 
7.3. Allowing specimens to begin hydration at room temperature resulted in lower variability in 
mechanical properties between specimens and overall produced higher fc and E values. However, 
specimens immediately placed into VT curing produced higher maximum temperature values. For 
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example, 90-(1,2) and 90-(1,3) produced significantly lower peak curing temperatures (95.8 and 
95.3°C respectively) compared to specimens immediately placed in VT curing (104.3 and 
104.1°C), but the average fc values were the highest recorded of all specimens (156.5 and 159.3 
MPa respectively) and significantly better than specimens immediately placed in VT curing (87.7 
and 88.7 MPa respectively). 
VT protocols used in this chapter were deliberately exaggerated compared to thermal 
profiles of mass placements to show the mechanical implications of these curing profiles. Accurate 
predictions of in-place properties of a structure are needed for a variety of reasons and they tend 
to be elusive. UHPC mixtures generate high temperatures during hydration, and in some structures, 
temperatures approach or exceed 100°C as seen in later chapters. However, the effects of these 
temperatures on mechanical properties depend on when hydration heat begins to accumulate. An 
implementable laboratory method that cures specimens similarly to what is experienced by modest 
to mass sized placements could help contractors accurately predict in-place mechanical properties. 
The concept of VT curves could be used in a possible curing method where the thermal profiles 
are altered to represent more common thermal profiles. The addition of EPS insulation showed 
promise in could also be used independently or in tandem with VT curing (Carey et al., 2020b). 
7.4 Summary and Conclusions 
This chapter focused on the effects of timing of heat application on mechanical properties 
of UHPC. Literature has shown that high temperature curing has been beneficial to UHPC [Ahmad 
et al., 2015; Alsalman et al., 2017; Graybeal, 2006; Howard et al., 2018; Howard et al., n.d.; Wan 
et al., 2016], but the effects of timing have not been clearly documented. A systematic set of 
experiments exposed UHPC specimens to variable temperature curing where specimens were 
heated or cooled to one of three target temperatures (50, 70, and 90°C) at one of two starting points 
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(day 0 or day 1) over one of two durations (1 day and 2 days). Thermal results showed that 
specimens immediately placed into VT curing reached significantly higher temperatures than 
specimens that were cured for 1 day at room temperature prior to VT curing. However, specimens 
placed immediately into VT curing had significantly worse mechanical properties compared to 
specimens that were cured for 1 day at room temperature prior to VT curing. Therefore it can be 
said that although high temperature curing can be beneficial, the timing of this heat has significant 
effects on both thermal and mechanical properties and must be considered. The following chapters 





VARIABLE TEMPERATURE INSULATED BLOCK CURING ON LABORATORY SCALE 
SPECIMENS TO SIMULATE THERMAL PROFILES OF MODESTLY SIZED ULTRA-
HIGH PERFORMANCE CONCRETE PLACEMENTS 
The content of this chapter is currently in OPSEC review. This paper has been reformatted and 
reproduced herein with minor modifications to better suit the objectives of this dissertation.  
8.1 Introduction  
 Findings and literature reviewed in the previous chapter demonstrated the concept of 
variable temperature (VT) curing to determine time-temperature effects on mechanical properties 
of UHPC cylinders at early ages. It was found that the timing of heat played a critical role in 
mechanical property development. Applying heat immediately caused compressive strengths to 
decrease by 0.63 MPa for each °C of temperature applied while elastic modulus decreased by 0.53 
GPa for each °C of temperature applied. Waiting one day prior to heat application led to an increase 
in compressive strength of 0.66 MPa for each °C of temperature applied during curing while elastic 
modulus values were not changed by temperature variations. Although neither case is likely to be 
achieved exactly in a structure, this shows the range of mechanical properties that could be in a 
structure due to the timing of hydration. This chapter further expands on the concept of VT curing 
by altering temperature profiles from the deliberately exaggerated curves used in the previous 
chapter to thermal curves that more accurately represent those of modest to mass sized UHPC 
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placements. These VT protocols were used with insulating blocks to cure laboratory scale 
specimens.  
 A framework has been developed by the authors to reproduce thermal profiles of modest 
to mass sized structures on laboratory scale specimens that can be tested to estimate in-place 
properties (Figure 8.1). Modeling of modest placements and mass concrete is commonly 
researched but from the perspective of modeling thermal stresses (Ayotte et al., 1997; Amin et al., 
2009; Bobko et al., 2014), finite element approaches (Lawrence et al., 2014; Tia et al., 2010; 
Tahersima and Tikalsky 2017), and refinement of calorimetry inputs (Ballim 2004; Riding et al. 
2012; Lin and Chin, 2016). This framework outlines a laboratory-based testing protocol that 
requires users to cast, cure, and test 10.2 by 20.3 cm concrete specimens following a specific set 
guidelines to estimate a thermo-mechanical signature. This method can be run in a commercial 
testing laboratory where concrete is already being made and tested with only minor modifications 
to commonly adopted curing procedures. Insulated curing blocks of varying materials (described 
in detail later in this paper) and variable temperature curing environments are used in tandem to 
recreate thermal profiles of actual structures on laboratory scale specimens. This framework is 
envisioned to be used for optimizing mixture selection for a project by testing potential mixtures 
and comparing thermo-mechanical signatures to make a final decision as well as testing a single 







Figure 8.1 Testing framework to predict in-place properties of high strength concrete 
structures using laboratory testing protocols 
8.2 Testing Method Criteria 
Four criteria were deemed essential for a curing method when predicting in-place 
properties of structural elements. The first criteria is that a method use specimens that are mixed 
and cast in accordance with ACI, ASTM, and/or AASHTO standards (or equivalent). Since these 
standards are already used in many construction materials laboratories, this eliminates chances for 
variation between specimens produced for this test method and specimens produced for other 
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mechanical testing. The second criteria is that peak temperature achieved in a curing method 
should be close to the application of interest. Research has shown that UHPC mechanical 
properties are directly affected by temperature during curing (Wan et al., 2016; Graybeal 2006; 
Ahmad et al., 2015). Replicating a correct peak temperature is essential to obtaining a reliable 
time-temperature profile. The third criteria is the thermal curve shape. As shown in the previous 
chapter, timing of the time-temperature profile can significantly affect peak temperatures and 
mechanical properties. The curing protocol should replicate the general time-temperature curves 
experienced by in place structures in question. The fourth criteria is that mechanical properties 
need to be easily measured so in-place properties can be estimated. Common mechanical testing 
methods for concrete (e.g. compressive strength and elastic modulus) are ideal as most materials 
laboratories are familiar with and equipped to conduct these tests.  
8.3 Abbreviated Experimental Program 
A combination of thermal experiments and laboratory scale testing was used in this chapter. 
Standard testing cylinders (STCs), pilot scale cubes (PSCu), and pilot scale cylinders (PSCy) were 
produced with UHPC1, UHPC5, and VHSC1 as described in Section 3.5. The majority of the 
experiments conducted in this chapter were UHPC1, but UHPC5 and VHSC1 mixtures are used 
in the discussion section of this chapter.  
All thermal experiments with UHPC1 and UHPC5 as well as STCs for VHSC1 were cured 
following CR43 while PSCu and PSCy with VHSC1 were cured following CR44. Laboratory scale 
specimens were also produced following the procedure described in Section 3.4. Two adiabatic 
and four combination curing regimes are used herein: CR21, CR22, CR28, CR29, CR30, and 



























23°C 23 72 --- --- --- --- --- 
CR29 45°C 30 6 5 45 4 15 42 
CR30 62°C 30 10 11 62 4 36 11 
CR32 85°C 23 10 6 85 4 24 28 
CR21 EPS 
Block 
23°C 23 72 --- --- --- --- --- 




8.4.1 Thermal Experiment Results 
Thermal experiments of modest sized structural elements produced trends shown in Figure 
8.2. As placement size increased, peak temperatures experienced in each placement increased, as 
expected, and had noticeable thermal gradients. During thermal testing of PSCy (Figure 8.2c), 
there was a data logger malfunction between 20 and 30 hours but this did not effect capturing peak 
temperature. For each element, maximum temperature at the center, half radius, and edge (Tmax) 
as well as the time that this temperature occurred (tmax) were calculated and reported in Table 8.2.  
Table 8.2 Tmax and tmax values for thermal experiments 

































 Ce 31.2 18.1 32.9 18.1 37.3 18.2 --- --- --- --- --- --- --- --- 
H 31.1 18.0 32.7 18.0 37.0 18.2 --- --- --- --- --- --- --- --- 





 Ce --- --- 31.3 20.4 --- --- 41.8 21.0 --- --- --- --- 64.0 23.2 
Co --- --- 30.7 20.2 --- --- 36.4 20.9 --- --- --- --- 49.3 24.4 





 Ce --- --- 33.5 12.0 38.4 12.4 --- --- 41.8 12.6 46.2 12.6 --- --- 
H --- --- 33.5 12.0 38.0 12.5 --- --- 41.6 12.7 44.6 12.6 --- --- 
E --- --- 33.2 12.0 37.6 12.5 --- --- 40.2 12.6 41.8 12.5 --- --- 




Figure 8.2 Time-temperature profiles for thermal experiments: (a) STC, (b) PSCu, and (c) 
PSCy 
 
Some temperatures achieved in these thermal experiments were comparable to mass 
placements of conventional concrete. For example, Riding et al. (2006) recorded temperatures 
ranging from 53 to 74°C for a mass conventional concrete placement with least dimensions ranging 
from 1 meter to 7.9 meters. The 1:3 scale PSCu (minimum dimension of the cube was a third of a 
common minimum dimension of mass placement) reached a peak temperature at the center of 




























































































available hydration products available which can lead to higher temperatures in smaller structures. 
The 1:4 scale PSCy reached a peak temperature of approximately 46°C which was in the range 
maximum temperatures experienced by a 1.5 meter square column (44°C) and a 1.5 meter square 
bent cap (53°C) in Alabama cast with normal strength concrete (Gross et al., 2017). Additionally, 
the 1:8 scale STC was able to achieve temperatures exceeding 35°C which is over a third of 
recorded maximum temperature (90°C) experienced by a mass UHPC placement poured in Sbia 
et al. (2017). One point of interest was the timing of the peak temperature for the three experiments. 
A class H cement with little to no calcium aluminates is used which can delay the start of the 
hydration process. This UHPC has been shown to have an approximate setting time of 24 hours.   
8.4.2 VT Profile and Insulated Block Results  
The addition of an insulating block with adjusted VT profiles led to curves that were 
noticeably closer in shape to those of structural elements compared to profiles used in Chapter 7 
(Figure 8.3; Table 8.3). As seen in Figure 8.3, thermal curves for specimens cured in the AH block 
in 23°C VT  had a long dormant period compared to specimens cured in other VT profiles (this 
experiment was repeated with the same results). A possible reason for this could be a combination 
of the lack of insulation provided by the AH block, a constant ambient temperature rather than a 





Figure 8.3 Thermal profiles for laboratory experiments: (a) AH and (b) EPS block 
 

























23°C 80 78-83 2.7 37.4 34.7 – 40.1 10.2 39.5 38.0 
CR29 45°C 101 87 - 114 11.6 45.3 44.9 – 45.7 1.3 65.1 15.9 
CR30 62°C 136 129 - 146 5.7 44.3 43.5 – 45.2 2.7 78.8 22.4 
CR32 85°C 140 125 - 143 8.6 48.5 48.3 – 48.7 0.6 105.4 18.4 
CR21 EPS 
Block 
23°C 131 127 - 136 3.5 46.0 45.1 – 46.9 2.7 63.2 26.7 
CR28 70°C 130 124 - 140 6.0 45.7 45.1 – 46.2 1.8 85.5 23.1 
 
 
Maximum temperature (Tmax) and the time it occurred (tmax) are reported for each 
laboratory curing regime in Table 8.3. As target temperature values increased for VT curing 
protocols, Tmax values of hydrating specimens cured in AH blocks also increased by an average of 
18°C regardless of VT curing regime. Unlike specimens cured in AH blocks, specimens cured in 




















































differences between Tmax and the target VT temperature were meaningfully different for 23°C VT 
(+40.2°C difference) and 70°C VT (+15.5°C difference). The time of peak temperature (tmax) also 
varied depending on VT protocols. As shown in Table 8.1, VT protocols had varying dormant 
periods and initial slope durations as reflected in tmax values.   
 Mechanical properties were also obtained for specimens assessed in laboratory curing 
protocols (Table 8.3). For specimens cured in AH blocks, as VT curing temperature increased, fc 
values noticeably increased until 62°C VT curing. ANOVA testing showed there were no 
significant differences in fc for specimens cured in 62°C VT and 85°C VT. 23°C VT also produced 
the lowest E values of specimens cured in AH blocks, and 40°C VT, 62°C VT, and 85°C were all 
significantly higher, but not significantly different from one another. Compressive strength and 
elastic modulus values for specimens in curing protocols using an EPS block were not significantly 
different. When compared to AH block specimens, fc values of specimens cured in EPS blocks at 
23°C VT and 70°C VT were not significantly different as specimens cured in AH blocks at 85°C 
VT and 62°C VT. Additionally, E values of specimens cured in EPS blocks at both VT profiles 
were not significantly different from all AH block VT profiles except for 23°C VT. 
UHPC1 was also cured with standard laboratory curing regimes in Chapter 6. Ultimate 
properties were fc of 179 MPa and E of 50.4 GPa when cured following CR1 (Tables 6.5 and 6.6). 
When compared to values in Table 8.3 it can be seen that the only laboratory curing regime that 
came close to achieving these mechanical properties was an AH block in an 85°C VT profile. 
Mechanical property results of UHPC1 cured in CR42 were also reported in Chapter 6 as a fc of 
96 MPa and E of 43.9 GPa. Most mechanical properties reported in Table 8.3 achieved higher 
mechanical properties. Therefore, it can be said that common laboratory curing regimes should not 
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necessarily be expected to accurately reflect in-place strengths of modest sized placements that 
experience high internal temperatures. 
8.5 Discussion 
Maximum temperature (Tmax) recorded at the center of each modest sized thermal 
experiment (STC, PSCu, and PSCy) was plotted against the least dimension (LD) of each element 
and revealed a clear linear trend (Figure 8.4). In a structure, this linear trend should be reasonable 
to some least dimension, and then the structure would not be able to generate any higher 
temperatures, regardless of the thickness of the structure, causing a peak and plateau. This peak 
temperature cannot be assessed with the data available and likely varies for each mass placement.  
An estimated least dimension (i.e the smallest dimension of a structure where temperatures 
are represented) was determined for each laboratory curing protocol using the maximum 
temperature recorded during each curing regime reported in Table 8.3 and the linear relationship 
developed in Figure 8.4 (Table 8.4). The following paragraphs will compare the estimated least 
dimensions found in Table 8.4 against thermal experiments plotted in Figure 8.1 to find insulating 
block and VT curing combinations that produced similar thermal profiles to modest sized 
placements.  
 
Table 8.4 Equivalent thickness of each laboratory curing protocol 
 AH Block EPS Block 
 23°C VT 45°C VT 62°C VT 85°C VT 23°C VT 70°C VT 
Estimated Least 
Dimension (meters) 





Figure 8.4 Linear analysis of UHPC1 thermal experiments 
 
Two laboratory experiments could be compared to the 1:3 scale PSCu: specimens cured in 
an EPS block in 23°C VT and specimens cured in an AH block in 45°C VT (Figure 8.5a). Tmax 
values of the EPS block in 23°C VT (63.2°C) and the AH block in 45°C (65.1°C) bracketed the 
recorded value of 64.0°C for 1:3 scale PSCu. Time of maximum temperature (tmax) of the 1:3 scale 
PSCu (23.2 hours) was also bracketed by the AH block in 45°C VT (15.9 hours) and the EPS block 
in 23°C VT (26.7 hours). The 45°C VT curing protocol had a programmed dormant period of 6 
hours but could be easily extended to more closely resemble tmax values of the 1:3 scale PSCu. 
Mechanical properties recorded for laboratory experiments yielded average fc values of 101 MPa 
and 131 MPa and E values of 45.3 GPa and 46.0 GPa for AH block in 45°C VT and EPS block in 
23°C respectively. 
With an equivalent thickness of 0.12 meters one laboratory experiment, AH block in 23°C 
VT, could be compared to the 1:5 scale PSCy (Figure 8.5b). Although peak temperatures were 
similar (41.8°C for the 1:5 scale PSCy and 39.5°C for the AH block in 23°C VT), time to peak 
temperature was considerably different (12.6 hours for 1:5 scale PSCy and 38.0 hours for the AH 




















block in 23°C VT). One difference for this tmax difference could have been the difference in starting 
temperature between the thermal placement and laboratory curing. Mechanical properties for AH 
block specimens in 23°C VT produced an average fc of 80 MPa and average E of 37.4 GPa.  
 
Figure 8.5 Comparison of thermal and laboratory experiments at an estimated thickness of (a) 
0.40 meters and (b) 0.11 meters 
 
An estimated minimum temperature for a mass placement of UHPC with class H cement 
was found based on temperature data from a mass placement of very high strength concrete 












































showed that UHPC on average produced temperatures 5°C higher than identically cured VHSC. 
Therefore, 5°C was added to the lower bound temperature of the recorded mass placement to 
produce an anticipated minimum Tmax value of 95°C for a mass UHPC placement. A minimum 
thickness of 0.77 meters was calculated as the minimum dimension needed to obtain temperatures 
exceeding those estimated of a UHPC mass placement. This thickness is 0.45 meters less than the 
minimum dimension specified by many DOTs for conventional mass placements. Additionally, 
this minimum thickness for a mass placement would decrease if a cement source with C3A was 
used that generated more heat during hydration (e.g. Type I/II cement; portland-limestone cement). 
This further emphasizes the importance of fully understanding thermo-mechanical signatures of 
even modest sized UHPC placements where heat generation is noticeably higher than a ready-
mixed concrete structure of the same size.  
The high cementitious content in UHPC has been shown to increase heat generation in 
structures compared to ready-mixed concrete structures. With these increased cementitious 
material content, the effects of individual constituents could also have meaningful effects on time-
temperature histories of even modest sized placements. A set of curing methods that could quantify 
changes in temperature production and mechanical properties could be useful. Using data collected 
and reported in Chapter 6, the effects of changing only silica fume source on thermal properties is 
evaluated. Additional STC experiments were conducted using UHPC1, UHPC2, UHPC3, and 
UHPC4 (Table 8.5; Figure 8.6). There were noticeable differences in Tmax of 1:20 scale specimens 
due solely to silica fume source, and as specimens got larger the differences in temperature became 
more pronounced.  
As noted in Chapter 6, silica fume mixtures were also cured using an EPS block in a 23°C 
VT environment (CR21). This laboratory curing method was also able to show differences in the 
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maximum temperatures of the mixtures and quantify differences in mechanical properties. 
Mechanical properties are given in Table 8.5 are a reference, but a detailed analysis of silica fume 
source effects on mechanical properties can be found in Chapter 6. As seen in Table 8.5, changes 
in silica fume source varied maximum temperature in 1:20 scale STC specimens (i.e. 7.6 by 15.2 
cm cylinders) by 2.5°C. These differences in Tmax continue to grow with temperatures varying up 
to 3.7°C for 1:8 scale STC. Laboratory based curing methods with EPS blocks also recorded 
differences in Tmax due to silica fume source. This shows that just changing silica fume source can 
produce noticeable differences in thermal and mechanical properties. A method to determine 
thermo-mechanical properties of UHPC at early ages could help quantify the effects of small 
mixture design changes. 












1:20 Scale STC 
1 31.2 18.1 --- --- 
2 30.3 23.4 --- --- 
3 31.7 18.0 --- --- 
4 32.8 15.0 --- --- 
1:12 Scale STC 
1 32.9 18.1 --- --- 
2 32.6 23.2 --- --- 
3 33.6 18.2 --- --- 
4 35.1 15.4 --- --- 
1:8 Scale  
STC 
1 37.3 18.2 --- --- 
2 35.8 24.0 --- --- 
3 38.2 18.9 --- --- 
4 39.5 15.3 --- --- 
EPS Block 23°C 
VT 
1 63.2 26.7 131 46.0 
2 64.2 18.6 114 44.0 
3 60.1 23.1 116 46.6 
4 59.9 26.4 111 44.1 




Figure 8.6 Thermal curves for (a) 1:20, (b) 1:12, (c) 1:8 scale STC cylinders, and (d) EPS 
blocks in 23°C VT curing with varying silica fume sources 
  
8.6 Protocol Development and Limitations 
In the previous section, three curing protocols were shown to reasonably replicate thermal 




















































































































VT, and AH in 45°C VT. These protocols were compared to another set of modest sized 
placements with a concrete with a normal amount of C3A to test the robustness of these curing 
regimes to replicate thermal profiles of varying mixtures. Identical STC, PSCu, and PSCy 
placements were made using a mixture patterned after Cor-Tuf but with portland-limestone cement 
(PLC) used in place of class H cement and a corresponding w/cm ratio increase needed for the 
cement type change. Time-temperature profiles and thermal points of interest were recorded for 
each placement (Figure 8.7; Table 8.6). Thermal experiments with PLC had significantly higher 
peak temperatures (p-value of <0.01) and time to peak temperature occurred significantly faster 
(p-value of <0.01) compared to identical class H experiments. 
Table 8.6 Summary of UHPC5 thermal experiments 

































 Ce 37.7 7.6 42.0 7.7 48.4 7.8 --- --- --- --- --- --- --- --- 
H 37.5 7.6 41.6 7.7 47.8 7.8 --- --- --- --- --- --- --- --- 





 Ce --- --- 40.8 7.7 --- --- 57.5 8.4 --- --- --- --- 82.1 10.1 
Co --- --- 38.5 7.7 --- --- 49.4 8.4 --- --- --- --- 46.6 10.6 





 Ce --- --- 35.3 7.8 43.3 7.7 --- --- 49.3 7.7 54.8 7.9 --- --- 
H --- --- 34.9 7.8 43.0 7.7 --- --- 48.5 7.8 53.4 8.0 --- --- 
E --- --- 34.5 7.9 41.9 7.7 --- --- 46.1 7.8 49.1 7.9 --- --- 





Figure 8.7 Time-temperature profiles for UHPC5 thermal experiments: (a) STC, (b) PSCu, 
and (c) PSCy 
 
A linear trend was developed for the PLC mixture from the thermal experiments to find 
the estimated least dimension of each of the three curing protocols of interest (Figure 8.8). 
Maximum temperatures recorded in each of three potential curing protocols was used with the 
linear trend to calculate estimated least dimension. Mechanical properties were also obtained for 
all laboratory scale specimens tested (Table 8.7). Generally, UHPC5 mixtures achieved higher 
temperatures in these three curing regimes than UHPC1 mixtures. These curing protocols were 

















































































large amount of hydration heat (UHPC5 with a PLC) and mixtures that hydrate slowly and produce 
less hydration heat (UHPC1 with Class H cement).  
 
Figure 8.8 Linear analysis of UHPC5 for thermal analysis 
 

























CR22 AH  
Block 
23°C 79 76 - 83 3.7 38.4 37.2 - 39.7 4.5 50.7 9.3 0.14 




23°C 101 99 - 109 4.9 36.9 36.4 - 37.5 2.1 73.2 12.9 0.32 
Note: equivalent thickness was calculated using equation shown in Figure 8.8 
 
While these protocols have been shown to be useful in stagnant air environments, it is also 
important to discuss limitations of the proposed protocol. These protocols are intended for modest 
sized placements in environments with little to no air movement such as a parking garage or 
interior building columns. PSCu and PSCy placements of a VHSC mixture with class H cement 
were cast and left to cure in an ambient environment where wind and external temperatures played 






















a meaningful effect on thermal profiles (Figure 8.9). Temperatures at the outdoor location (OL) 
were recorded with thermocouples during the duration of testing. Temperatures ranged from 20.4 
to 45.3°C with an average temperature of 28.5°C. Weather data from a local airport was obtained 
that collected data throughout testing Table 8.8. Overall, weather records show that conditions 
were fair with light winds for the majority of the curing duration. Some pop-up thunderstorms 
yielded approximately 7.6 cm of rain and maximum winds gusts of 40 kilometers per hour (25 
miles per hour).  
 
 
Figure 8.9 Thermal profiles of modest sized VHSC placements in OL conditions: (a) PSCy 























































1:12 Scale 1:8 Scale 1:6 Scale 1:5 Scale 1:4 Scale 1:3 Scale Ambient
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Table 8.8 Weather records of outdoor location (OL) during testing 
Testing 
Day 
Avg. Wind Speed 
(km/hr) 





1 11 35 0 Fair with occasional clouds. 
2 11 29 0 Fair with occasional clouds. 
3 14 40 4.6 
Fair in morning. Scattered thunderstorms 
in afternoon and evening. 
4 14 0 0 
Fair for majority of the day with clouds 
and distant thunder in afternoon. 
5 8 0 3.0 Cloudy with thunderstorm in afternoon. 
Note: km/hr = kilometer per hour 
  
Analysis was conducted to determine the effects of ambient temperature on time-
temperature curves of VHSC placements in OL conditions. Figure 8.10 shows the difference 
between each hydrating specimen and the ambient temperature at each time step. One item of 
interest is when ambient temperatures peak within the first 30 hours, ambient temperatures were 
higher than the VHSC1 placements. This can be explained by the extended dormant period of the 
VHSC placements due to the use of a set retarding admixture. Table 8.9 displays the average 
difference between the hydrating placements and ambient temperature (ΔT) and the standard 
deviation between hydrating placements and ambient temperature (ΔTstdev). On average, 
specimens were hotter than the ambient temperature at any given time step, but as placement scale 
increased, ΔT also increased. Although environmental conditions greatly affect the time-
temperature profiles of these modest sized structures, as the placements get larger these effects are 




Figure 8.10 Difference between VHSC1 placements and ambient temperatures 
 









1:12 0.9 2.3 
1:8 1.5 3.8 
1:5 3.8 4.5 
1:4 4.2 4.8 
PSCu 
1:12 1.2 4.1 
1:6 3.2 6.4 
1:3 8.1 11.1 




As seen in Figure 8.9, placements less than a 1:4 scale were meaningfully influenced by 
the environment. The 1:3 scale PSCu was the only placement where a time-temperature profile 
could be collected in the ambient temperatures of OL experiments. Laboratory scale specimens of 













































histories. As seen in Figure 8.11, the initial time-temperature curve was offset by 30 hours for 
comparison to the 1:3 scale PSCu due to the addition of a set retarder in the VHSC placements. 
Once offset, the thermal profile was similar to that of the 1:3 scale placement, but the influence of 
the environmental conditions still affected the time-temperature curve.  Although the EPS 23°C 
VT curing protocol did not accurately predict maximum temperature of the VHSC placement, it 
could be used to provide users with estimated in-place properties of modest placements exposed 
to environmental conditions. Further refinement of protocols is needed to account for 
environmental conditions as well as mixtures that have meaningful amounts of set retarders, but 
current protocols could at least provide an approximation of in-place properties. 
 
  
Figure 8.11 Comparison of 1:3 Scale VHSC1 PSCu and recommended laboratory curing 






















1:3 PSCu Tmax: 55.4 C

















1:3 Scale EPS; 23C VT Offset EPS; 23C VT
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8.7 Protocol Recommendations 
Based on the above observations, a set of curing protocols to reasonably recreate time-
temperature profiles of modest sized high strength concrete structures are recommended in Table 
8.10. These curing protocols are for simulating a thermo-mechanical signature at the center of a 
structural element with a given least dimension where the time-temperature history of the 
specimens is driven by the rate of hydration and curing protocol used. The range of least 
dimensions for each protocol was determined based on experiments using class H and PLC based 
concrete mixtures. If desired, multiple curing protocols could be used to estimate a thermo-
mechanical gradient of a placement by converting least dimension of each protocol to depth into a 
structure from a free edge. For example, Protocol 1 (valid for a least dimension <0.15 meters) 
could estimate a thermo-mechanical signature of a placement between 0 and 0.08 meters from an 
exterior edge while Protocols 2 and 3 (valid for a least dimension of 0.15-0.50 meters) could 
estimate thermo-mechanical signatures between 0.08 and 0.25 meters from a free edge. These 
recommended protocols have been shown to have increased accuracy when predicting in-place 
properties of placements in stagnant air environments (e.g. interior building columns). Protocol 3 
was shown to produce reasonable results when replicating time-temperature profiles of placements 
exposed to outdoor curing conditions (e.g. daily temperature fluctuations, wind, rain), but these 
results should be used to generally characterize the mechanical properties of the placement.  
























1 <0.15 meters SA AH Block 23°C 23 72 --- --- --- --- --- 
2 0.15 – 0.50 
meters 
SA AH Block 45°C 30 6 5 45 4 15 42 
3 SA; EC EPS Block 23°C 23 72 --- --- --- --- --- 
Note: SA – stagnant air; EC – environmental conditions 
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8.8 Summary and Conclusions 
A testing framework was introduced to replicate time-temperature profiles of modest sized 
UHPC placements on laboratory scale specimens that could then be broken to obtain a reasonable 
estimate of in-place properties. Three combinations of insulating blocks and variable temperature 
(VT) curing were found to reasonably predict time-temperature profiles of modest sized 
placements with minimum dimensions of less than 0.15 meters and 0.15 to 0.5 meters. These 
recommended protocols are intended to be used to predict in-place properties of structures in 
stagnant air conditions such as interior building columns or parking garages. Although thermal 
profiles of smalls scale placements (1:20 to 1:5 scale) were dominated by environmental 
conditions, protocols were shown to give reasonable estimates of thermal profiles of modest sized 





LABORATORY PROTOCOLS TO REPLICATE THERMO-MECHANICAL BEHAVIOR OF 
HIGH STERNGTH CONCRETE IN MASS PLACEMENTS 
The content of this chapter is currently in development for submission to a peer reviewed journal.  
Not all content included in the anticipated journal article is included herein as minor modifications 
were made to better suit the objectives of this dissertation.  
9.1 Introduction 
Determining in-place properties of mass structures has been an elusive goal for years. One 
of the original methods, known as the maturity method, for determining in-place properties relies 
on a time-temperature relationship to estimate compressive strength. Over time these methods have 
evolved, but to date their applicability to high strength concretes with low w/cm ratios and high 
cementitious materials contents is not well established. In the previous chapter, curing protocols 
were developed for modest sized high strength concrete placements for use in a framework that 
uses laboratory scale specimens to predict thermo-mechanical properties of HSC placements. This 
chapter develops more curing protocols to be used within the framework to predict thermo-
mechanical properties of HSC placements. This chapter aims to verify the applicability of this 
framework for mass HSC placements and suggest representative curing protocols for mass 
placements. This method is envisioned to be a foundational piece of a standard test method where 
in-place properties of actual mass structures are estimated by curing laboratory scale specimens in 
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specific protocols based on the size and environmental conditions of the placement and then testing 
them to obtain mechanical properties. 
9.2 Abbreviated Experimental Program 
The mass placement and corresponding laboratory experiments were conducted using 
VHSC1. There are two notes of interest regarding materials: admixtures and aggregates. A high 
range water reducing admixture (HRWRA) and a set retarder were used in the mass placement, 
but only the HRWRA was used in laboratory mixtures. Additionally, an exact moisture content for 
coarse sand and 89 limestone were not recorded but were somewhere between SSD and OD. Based 
on absorption values of the aggregates, the range of water cementitious materials ratio (w/cm) was 
0.163 to 0.168, a difference of 0.005. This difference was considered to be in the margin of error 
and were considered negligible for proportioning.  
The mass placement was poured and then subjected to ambient outdoor temperature 
variations (i.e. CR44). Laboratory testing utilized 23 different curing regimes summarized in Table 
9.1 for reader convenience. There were three general groups of curing regimes for this effort. CR1 
through CR5, CR41, and CR42 were used for mechanical property characterization of the 
mixtures. CR21, CR22, CR23, CR25, CR26, CR27, CR31, CR32, CR33, and CR37 were used to 
determine if curing regimes could reach peak temperatures experienced by the mass placement. 
CR34, CR35, CR36, CR38, CR39, and CR40 were used to determine if curing regimes could 
match the downwards slope of the mass placement after reaching peak temperature. Additional 
details of the mass placement and laboratory specimens (including specimen preparation, curing 












7D in a MR; 7D in a 90°C HWB 
CR2 1D in a MR; 1D in a 50°C HWB 
CR3 1D in a MR; 1D in a 90°C HWB 
CR4 1D in a MR; 6D in a 50°C HWB 
CR5 1D in a MR; 6D in a 90°C HWB 
CR21 
A 
3D in EPS in 23B 
CR22 3D in AH in 23B 
CR23 3D in PIR in 23B 
CR25 
C 
3D in EPS in 32O 
CR26 3D in EPS in 50O 
CR27 3D in EPS in 70O 
CR31 3D in AH with 70-(0,1) VT profile 
CR32 3D in AH with 85°C VT profile 
CR33 3D in AH with 90°C VT profile 
CR34 3D in AH with 90°C VT profile; 4D 23°C 
CR35 5D in AH with 90°C VT profile; 2D 23°C 
CR36 7D in AH with 90°C VT profile 
CR37 3D in PIR with 90°C VT profile 
CR38 3D in PIR with 90°C VT profile; 4D 23°C 
CR39 5D in PIR with 90°C VT profile; 2D 23°C 
CR40 7D in PIR with 90°C VT profile 
CR41 
N 
1D in MR 
CR42 7D in MR 
Note: See Chapter 4 for additional details regarding curing regimes 
9.3 Results 
9.3.1 Mass Placement Thermal Results  
Based on the nine temperature sensors placed in the mass placement, an upper and lower 
boundary was found as well as the average temperature profile (Figure 9.1). The dormant period 
for the mass structure was longer than most mass placements due to the addition of a set retarder. 
The dormant period of the mass structure was truncated for comparison to laboratory scale 




Figure 9.1 Thermal profile of VHSC1 mass placement 
 
9.3.2  Laboratory Results for Mechanical Characterization Testing 
General mechanical property characterization of the VHSC mixture was conducted using 
CR1 through CR5, CR41, and CR42 (Table 9.2). General property analysis using analysis of 
variance (ANOVA) tests revealed several expected trends. CR1 yielded the significantly highest 
compressive strength (fc) of the seven CRs. As curing temperature and duration decreased, fc also 
decreased in a systematic fashion. For example, CR4 (1 day in 23°C environment and 6 days in 
50°C water) fc values were lower than CR5 which was an identical duration but cured in 90°C 
water, but were higher than CR3 which cured specimens for a total duration of 2 days even though 
it used 90°C water curing. This showed compressive strength of this mixture was significantly 
influenced by maximum temperature and duration of curing. ANOVA tests were also conducted 


























































































































































































































































































CR1 122 115 - 127 4.1 47.6 47.3 - 47.8 0.7 
CR2 91 87 - 96 4.5 43.7 38.7 - 48.7 16.1 
CR3 105 99 - 110 4.3 43.5 40.7 - 46.3 9.1 
CR4 109 99 - 116 7.6 47.9 44.6 - 51.3 9.9 
CR5 113 109 - 116 2.9 46.9 46.0 - 47.8 2.6 
CR41 46 43 - 49 5.5 29.4 27.9 - 31.0 7.3 
CR42 81 80 - 81 0.5 44.1 40.7 - 47.5 10.8 
 
9.3.3 Laboratory Results for Reaching Peak Temperature 
To achieve the objective of reaching the mass placement peak temperature, an approach 
using adiabatic (or at least somewhat adiabatic) insulating environments was first used. This 
approach utilized insulated curing blocks with no forced external boundary condition to simulate 
the environment at the center of a mass structure. Although this method would likely not lead to 
temperatures on the scale of the mass placement, a baseline understanding of the insulating abilities 
of each block was valuable. As seen in Figure 9.2a, external boundary conditions would have to 
be manipulated in addition to insulating blocks for specimens to achieve maximum temperatures 
in the range of the mass placement (MP). 
 EPS blocks were used in CR25, CR26, and CR27 to replicate peak temperatures of the 
mass placement in a convection oven (Figure 9.2b; Table 9.3). Analysis of variance (ANOVA) 
testing showed that as boundary temperature increased in the difference between maximum 
internal temperature of specimens and the boundary temperature significantly decreased in all four 
cases (CR25: 34.1°C; CR26: 27.6°C; CR27: 17.8°C). This indicated that as specimens were forced 
to higher temperatures due to external boundary conditions, the ability of specimens to generate 
additional heat due to hydration decreased. Although CR27 yielded a maximum temperature that 
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was close to the lower boundary of the mass placement, EPS blocks were not able to reach 
temperatures experienced by the mass placement in part due to its operating temperature of 80°C. 
Additionally, the dormant period could not be easily replicated as the convection oven used 
immediately raised the temperature to a set point as quickly as possible once turned on. A 
programmable oven could be a promising method to achieve the proper dormant period, but was 
not evaluated. 
An AH block was then used in combination with three VT curing regimes to expand upon 
VT profiles discussed in Chapter 7 (Figure 9.2c; Table 9.3). Two of these VT profiles were used 
previously in Chapter 7 and are repeated for continuity with previous work. Similar to experiments 
conducted with an EPS block, as boundary curing temperatures increased the difference between 
external environment and internal specimen temperature generally decreased. ANOVA testing 
showed that as external temperatures increased from 70°C (CR31) to 85°C (CR32) the temperature 
difference significantly decreased from 6.2°C to 1.4°C. However, as external temperature 
increased from 85°C (CR32) to 90°C (CR33) there was a significant increase in temperature 
difference from 1.4°C to 4.7°C. The peak temperatures of specimens cured in CR33 were found 
to be in the range of maximum temperatures experienced by the MP. The dormant period and rate 
of temperature increase (Tincrease) were able to be programmed using the VT bath yielding 
successful results.  
A PIR block was also used in combination with VT curing (Figure 9.2d; Table 9.3). PIR 
blocks were similar in construction to EPS blocks, but had an operating temperature of 150°C. 
Due to the success of AH blocks in CR33, PIR blocks were only subjected to CR37 in the VT 
environment. Similar to the other insulating blocks, as external boundary temperatures were raised, 
the difference between internal specimen and external boundary temperatures significantly 
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decreased from 42.5°C for CR23 to 4.4°C for CR37. Peak temperature of specimens was similar 
to temperatures measured in the MP. Similarly to AH blocks, the use of VT programing allowed 
for the dormant period and Tincrease to be easily programed.  
 
Figure 9.2 Thermal profiles of laboratory curing regimes relative to the minimum temperature 
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Mechanical properties were also obtained for all thermal laboratory testing (Table 9.3). For 
specimens cured with EPS blocks (CR21, CR25, CR26, CR27), there was no significant variation 
in fc and E even though boundary temperatures changed. Specimens cured in an AH block with 
CR22 and CR31 produced significantly lower fc values compared to CR32 and CR33. E values 
were not recorded for specimens cured in CR22 with an AH block, but was recorded for specimens 
cured in CR31, CR32, and CR33. ANOVA testing showed that CR33 produced significantly 
higher E values compared to CR31 and CR32. Specimens cured in PIR blocks with CR37 had 
significantly higher fc values than specimens cured with CR23 while E values for PIR blocks were 
not significantly different.  



























CR21 59.9 17.9 2.1 -0.6 89 77 - 94 6.8 40.8 40.0 - 41.5 2.6 
CR25 66.1 15.4 2.8 -0.6 88 81 - 91 5.6 41.2 39.9 - 42.6 4.7 
CR26 77.6 14.5 3.9 -0.5 88 74 - 95 10.7 38.6 38.5 - 38.7 0.3 
CR27 87.8 13.9 4.8 -0.3 89 85 - 94 4.3 39.7 28.5 - 41.0 4.4 
AH 
block 
CR22 33.6 15.1 2.2 -0.4 69 67 – 71 3.1 --- --- --- 
CR31 76.1 9.0 5.7 -2.6 76 69 - 81 7.6 34.4 30.9 - 37.9 14.3 
CR32 86.6 20.0 5.9 -2.1 91 86 - 95 4.8 38.4 36.7 - 40.1 6.3 
CR33 94.7 15.2 8.0 -1.4 84 81 - 89 4.3 51.9 51.3 - 52.6 1.8 
PIR 
block 
CR23 65.5 17.2 3.5 -0.7 83 79 - 89 5.6 41.0 37.4 - 44.7 12.5 
CR37 94.4 17.6 6.1 -0.9 95 89 - 107 8.4 43.5 42.9 - 44.1 1.9 
 
9.3.4 Laboratory Results for Recreating Temperature Decrease 
Based on results of the above section, CR33 and CR37 were chosen as baseline curing 
procedures where the only changes made going forward were to the rate of temperature decrease 
(Figure 9.3). For each CR, PIR blocks produced a smaller Tdecrease value compared to AH blocks. 
This can be attributed to the meaningfully higher R-value of the PIR block in comparison to the 
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AH block. Hydration heat generated by the cylinders takes longer to dissipate in a PIR block 
because of its higher insulating properties. This lowers the overall Tdecrease rate.   
 
 
Figure 9.3 Comparison of laboratory CRs to determine rate of decrease 
 
ANOVA tests were conducted to determine if there were significant differences in 
mechanical properties due to the rate of temperature decrease. On average, specimens cured 
following CR36 and CR40 produced fc values significantly higher than other CRs of 113.4 MPa, 
however, CR33 and CR37 (89.9 MPa), CR34 and CR38 (91.3 MPa), and CR35 and CR39 (95.0 
MPa) were not significantly different. Specimens following CR36 and CR37 were subjected to a 
VT ramp profile for 3 days followed by 4 days to curing at 23°C. For elastic modulus (E), CR33 
and CR37 (47.7 GPa) as well as CR36 and CR40 (45.9 GPa) produced the highest E values and 
were not significantly different followed by CR35 and CR39 (44.2 GPa) and CR34 and CR38 





















1 CR33 - AH; fc = 84 MPa; E = 51.9 GPa 5 CR35 - AH; fc = 109 MPa; E = 42.7 GPa
2 CR37 - PIR; fc = 95 MPa; E = 43.5 GPa
2
3 CR34 - AH; fc = 111 MPa; E =  45.0 GPa 
4 CR38 - PIR; fc = 109 MPa; E = 42.7 GPa
6 8
6 CR39 - PIR; fc = 73 MPa; E = 40.3 GPa
7 CR36 - AH; fc = 105 MPa; E = 44.1 GPa






significant effect on predicting reasonable in-place properties and CR35 and CR39 were shown to 
most closely resemble the Tdecrease rate of the mass structure followed by CR34 and CR38. These 
CRs did not produce significantly different fc and E results from each other for both insulting 
blocks. 
9.4 Discussion of Thermo-Mechanical Relationship Implications 
Maturity values were compared for some of these CRs to see if there were trends. Maturity 
was calculated for each CR as the temperature-time history in degree Celsius-days (°C-d). For 
example, CR1 was cured in 23°C water for 7 days then in 90°C water for 7 days yielding a maturity 
value of 791°C-d (23°C*7d + 90°C*7d = 791°C-d). Four non-insulating CRs had maturity values 
similar to CRs that utilized insulating blocks and variable boundary conditions. CR2 and CR22 
produced almost identical maturity values (73°C-d and 72°C-d respectively) but CR2 produced 
significantly higher fc values (p-value of <0.01). The same trend was seen when comparing CR3 
and CR21 (maturity values of 113°C-d and 116°C-d respectively) as well as CR4 and CR39 
(maturities of 323°C-d and 382°C-d respectively). CR3 and CR4 produced significantly higher fc 
values, both with p-values of <0.01, compared to specimens cured following CR21 and CR39, 
respectively. For the CR4 and CR39 comparison specifically, the maturity method would have 
indicated that CR39 specimens should have produced higher fc values since its maturity was almost 
60°C-d greater; however, it produced fc values that were on average 35 MPa lower than CR4 
specimens. 
Typical laboratory curing methods that utilize delayed high temperature curing (i.e. 
exposing specimens to high temperatures after some duration of room temperature curing) produce 
mechanical properties on the upper end of the expected range of properties. This further highlights 
the need for a curing method that can cure specimens in a manner that more closely resembles 
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mass structures to accurately reflect the anticipated in-place properties. Various literature sources 
have also shown the positive effects of delayed high temperature curing on HSC mixtures 
(Alsalman et al., 2017; Graybeal, 2006; Howard et al., 2018; Allard et al., n.d.; Howard et al., 
2020) as well as reaffirm that relationships between maturity and mechanical properties for HSC 
are not as reliable as they are for conventional. For example, Yikici and Chen (2015) found that 
cores from the top, center, and bottom of four 1.8 meter square mass placements were at least 15% 
stronger than laboratory scale specimens that were cured at room temperature. Additionally, 
Upadhyaya et al. (2015) produced match cured specimens (cured following the time-temperature 
profile of a mass placement) which produced strengths that were 15 to 20% higher than anticipated 
strengths calculated by the maturity method and 20 to 50% higher than specimens cured in the 
same environmental conditions as the mass placement.  
9.5 Curing Protocol Recommendations 
 Using thermal data from a mass placement, a set of curing protocols were vetted to find 
protocols that could recreate time-temperature profiles of the mass placement with a least 
dimension greater than 1.0 meter. Due to thermocouple locations in the mass placement and 
insulation used to wrap the structure, the protocol is recommended to determine a time-temperature 
profile of the intermediate area that does not include the surface or center of a mass placement. 
The differences between temperatures at the surface and center compared to the intermediate 
cannot be determined with this data set, but future work is envisioned to define these regions of a 
mass structure and provide curing protocol recommendations for each. Unlike modest sized 
placements described in Chapter 8, the size of the mass placement was able to overcome the 




 From this analysis, four different protocols (CR35, CR36, CR39, CR40) were ultimately 
considered as possible recommended curing protocols to estimate time-temperature profiles of 
mass placements with a least dimension greater than 1 meter (3.28 feet). ANOVA testing showed 
that these curing regimes produced mechanical properties that were not significantly different and 
were closest to matching the temperature range experienced by the mass placement. However, 
based on thermal analysis, PIR blocks yielded Tdecrease values that more closely resemble a mass 
placement compared to an AH block due to the high R-value of the insulation. Therefore, CR40 is 
the final recommendation to replicate time-temperature histories of mass placements since it 
produced the closest thermal profile to the mass placement. This final recommended protocol is 
reported in Table 9.4 where the seven points as defined in Figure 4.21. This protocol is envisioned 
to be used for modeling the intermediate interior of a mass placement regardless of environmental 
conditions (e.g. stagnant air with minimal boundary temperature variations, windy conditions with 
boundary temperature variations, etc.).   





















1.0 meters CR40 PIR Block 23 6 6 90 4 148 4 
 
9.6 Summary and Conclusions 
Several conclusions can be drawn from the work presented in this chapter. On average, 
mechanical testing CRs (i.e. CR1 – CR5) produced higher fc values compared to CRs that used 
insulation and variable temperature curing that had similar maturity values. This shows standard 
laboratory curing regimes often yield higher mechanical properties when compared to expected 
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in-place properties and further emphasizes the need for a thermo-mechanical testing protocol to 
determine in-place properties of HSC mass placements. The protocol given in Table 9.4 provide 
users with a way to replicate time-temperature curves on laboratory scale specimens. By utilizing 
different combinations of insulating blocks and variable temperature curing, laboratory scale 
specimens can be cured and tested to obtain estimated in-place mechanical properties in the interior 




CONCLUSIONS AND RECOMMENDATIONS 
10.1 Conclusions 
The overall goal of this dissertation was to present development information to serve as the 
basis for a potential future thermo-mechanical test method that could estimate in-place properties 
of medium to mass HSC structures. Ultimately, the work presented in this dissertation is 
envisioned to be the foundation of a future standard test protocol. Key conclusions are as follows: 
• Numerical modeling of HSC placements with low w/cm ratio and high cementitious 
materials content proves to be difficult and could require deviations from numerical 
equations used to model time-temperature profiles of conventional concrete. 
• Source effects on material constituents (e.g. silica fume) should be considered when 
designing mixtures for HSC placements. They were found to significantly affect 
mechanical properties and thermal profiles of laboratory scale HSC specimens.  
• The timing of initial heat during curing can have a significant effect on mechanical 
properties. A testing protocol that accounts for the dormant period of hydrating concrete 
relative to heat application should produce the most accurate prediction of in-place 
properties. 
• Standard laboratory curing regimes that utilize two stage high temperature curing could be 
cure concrete to produce “best case scenario” properties and are often unrealistic estimates 
of in-place properties. 
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• Laboratory curing regimes were shown to recreate thermal profiles for both modest and 
mass sized HSC structures toward the estimation of in-place properties.  
10.2 Recommendations 
The following curing protocols are recommended to predict modest and mass sized HSC 
placements (Table 10.1). Note that curing protocols for modest sized structures (i.e. less than 0.5 
meters) are suggested to be used only for structures not exposed to daily environmental factors 
such as wind. Ideal uses would be parking garages or interior building columns.  






















CR22 AH Block 2 23 72 --- --- --- --- 
0.15 – 0.50 
meters 
CR29 AH Block 45 30 6 5 45 4 15 
CR21 EPS Block 23 23 72 --- --- --- --- 
>1.0 
meters 
CR40 PIR Block 23 6 6 90 4 148 4 
 
10.3  Future Work 
As previously mentioned, this dissertation is intended to be used as the foundation of a 
future standard test method. Future work is envisioned to determine a set of protocols to reflect 
the varying time-temperature profiles at different locations in a mass placement and guidance to 
determine mechanical property gradients as a function of time. Additional work is also needed to 
understand the effects of admixtures (i.e. set retarders) on time-temperature histories of mass 
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